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ABSTRACT 
The big goal of biotechnology is shifting of world economy from fossil resources to renewable 
ones. It will provide the economically optimized chemicals for modern use; heat and power 
through processing of the bio-based raw materials. A major outcome of the biorefinery is 
bioethanol, shaped from the lignocellulosic materials through second generation process. 
Lignocellulosic material has recalcitrant nature with huge reservoir of carbohydrate 
macromolecules, available for fermentation after converting into monomeric sugars through 
different processing steps which are:  
 Pretreatment step involves hydrolysis of hemicellulose, along with minute quantity of 
cellulose which is made more accessible for further conversion into simpler sugars 
through lignin removal and reduction in its crystallinity. 
 Enzymatic step involves the hydrolysis of amorphous cellulose and hemicellulose into 
fermentable sugars through the action of cellulase enzyme which produces pure sugars.    
The present project was conducted for optimization of pretreatment process used for enzymatic 
hydrolysis of lignocellulosic biomass i.e., water hyacinth, corncob, bagasse, banana pseudo-stem 
and rice husk, for the production of bioethanol and lactic acid having decentralized availability in 
the world. Response surface methodology (RSM) was employed for the optimization of catalyst 
concentration, temperature (oC) and time (hr). Seven different catalysts including mineral and 
organic acids i.e., maleic acid, sulfuric acid, phosphoric acid and hydrochloric acid and alkali 
such as NaOH, NaOH catalyzed Na2S and Na2SO3 were employed for the pretreatment of above 
substrates. Eighteen experimental runs were performed with each catalyst at different predefined 
conditions. Each catalyst showed different outcomes and drawbacks at different conditions which 
vary with the change in biomass material. These catalysts hydrolyzed the hemicellulose and 
removed the lignin content from each biomass substrate depending on the reaction conditions and 
substrate composition which resulted decrease in biomass weight. When biomass pretreated with 
acids, proton breakdown the glycosidic bond present between the hemicellulose and provided 
monomeric sugars such as glucose, arabinose and xylose. The amount and type of monomers 
depend on the composition of substrate and type of ac id catalyst as well at reaction conditions. 
Water hyacinth, banana stem and rice husk acid hydrolyzate provided C-6 sugars as major 
constituent while corncob and bagasse showed C-5 sugars as key component during pretreatment. 
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Maleic acid and phosphoric acid hydrolyzed the hemicellulose effectively with limited amount of 
furan inhibitors. These hydrolyzates were detoxified with activated carbon and Ca(OH)2 at pH 
10.0 which decreases 6.12-11.58% of sugars along with 96.0% of furan. The detoxified 
hydrolyzates were fermented with Pichia stipitis which produced 13.0-16.62 gL-1 of ethanol. 
Sodium hydroxide resulted in disruption of hydrogen bonding between cellulose and 
hemicellulose, cessation of the ester bond between xylan and lignin and deprotonation of phenolic 
groups. This leads to the solubilization of hemicellulose, lignin and swelling of the cellulose.  
A quadratic model was proposed to predict the enzymatic hydrolysis yield of each catalyst for 
each biomass substrate, which had high coefficient of determination (R2>0.9) along with a low 
probability value (p), indicating the reliable predictability of the model. The pretreated substrates 
were hydrolyzed enzymatically with cellulase and xylanase enzymes having multiple enzyme 
activities. Each substrate has different response against each catalyst providing different amount 
of fermentable sugars ranging from 37.0 – 44.0gL-1. Mixture of sugars was obtained during dilute 
acid pretreatment with glucose being the most prominent sugar as compared to xylose and 
arabinose. At optimized conditions, alkali, Na2S, Na2SO3 catalysts removed up to 98.0% of 
lignin, while acids hydrolyzed hemicellulose up to ~95.0% along with removal of lignin which 
increased the amount of cellulose in remaining residue. Due to less sever catalytic property of 
phosphoric and maleic acid, less amount of furan derivatives was present in their hydrolyzate. 
Saccharification efficiency of rice husk, water hyacinth, bagasse and corncob after treatment with 
1.0% Na2S at 130.0 oC for 2.3- 3.0 hr was 79.40, 85.93, 87.70 and 88.43% respectively. Water 
hyacinth treated with Na2SO3 showed higher hydrolysis yield (86.34%) as compared to Na2S 
while other biomass substrates showed 2.0 – 3.0% less yield with Na2SO3. At optimized 
conditions, the amount of sugars obtained from water hyacinth, corncob, bagasse, banana stem 
and rice husk was 76.41, 78.3, 76.27, 75.35 and 68.6 gL-1 respectively from both steps. Resulting 
sugars were evaluated as substrate for production of bioethanol and lactic acid. Glucose was 
obtained during enzymatic hydrolysis especially from water hyacinth and rice husk, which was 
finally fermented in to ethanol with 95.0% conversion yield (theoretical yield: 0.51g/g glucose) 
by using commercial baker’s yeast (Saccharomyces cerevisiae). There obtained 26.48, 25.36, 
31.73 and 30.31 gL-1of lactic acid with 76.0, 76.0, 86.0, 83.0% conversion yield from corncob, 
bagasse, water hyacinth and rice husk hydrolyzate using Lactobacillus respectively.
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  CHAPTER-1   
 
                                          INTRODUCTION 
 Agricultural crops and trees have provided raw and processed industrial chemicals such 
as dyes, fibers, solvents and energy requirements at the beginning of the 20 th century. But after 
industrial revolution, fossil fuel got the place by providing oil, coal and natural gas at 
affordable prices [1, 2]. Fossil fuel is the main source of energy to fulfill the world’s energy 
requirements; it was also used for the manufacturing of polymers, lubricants and chemicals 
used in textiles, fertilizers and resins. In the period 1980-2004, the consumption rate of fossil 
resources had increased up to 50.0%. The projected demand of fossil resources will increase up 
to 600×10
15 
Btu by 2030 as shown in figure 1. 
 
Figure 1: Projected worldwide energy demand through 2030 [2] 
Due to non-renewable nature of fossil fuels, these possessions have been decreased 
continuously which created competition for them resulting in increased demand and high price. 
Burning of these fossil fuels also increased the concentration of CO2 in the atmosphere. These 
issues have altered the thought to develop alternative renewable resources [3-5]. With the 
advancement in biotechnology, the production of commodity chemicals from cheap and 
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renewable resources, for sustainability of social needs has become a reality. Carbohydrates 
obtained from lignocellulosic material seem to be a dominant source for commodity processing 
[6]. These resources are present all over the world and their availability provides a security of 
supply [7a, b]. Lignocellulosic biomass having annual production about 2×1011 tons [8, 9], is 
generally wasted in the form of pre and post harvesting residue from agriculture land and food 
processing industries [10]. Due to abundant and indigenous availability, it has been considered 
as massive reservoir for the production of a large number of products (figure 2, 2.1 & 2.2) [11]. 
Utilization of this resource as feedstock would make new challenges for biotechnology, such as 
overcoming the recalcitrance nature of biomass and conversion of the resulting product into 
useful chemicals.  
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Figure 2: Schematic diagram for the synthesis of different chemicals from glucose via 
fermentation or chemical transformations 
 
The products acquired from biomass sources include foods and feeds,  reducing sugars, ethanol, 
methane, organic acids, furfural, enzymes, protein and amino acids, lipids, phenols, activated 
carbon, biosorbents, resins, biopesticides, secondary metabolites, surfactants, fertilizers and 
other useful products [12-15].  
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Figure 2.1: Different chemicals obtained from Ethanol  
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Figure 2.2: Different chemicals obtained from lactic acid  
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           Chemicals based on petroleum origin are used for production of numerous nonfuel 
industrial products such as paints, solvents, clothing, synthetic fibers, and plastics. In the 
absence of these products, the world could not maintain its modern way of life. When 
petroleum supplies are sporadic, price precariousness occurs in the international markets. These 
proceedings can have widespread economic consequences on oil- importing nations. Bio-based 
raw materials could help to alleviate economic downturns created by oil shortages. Thus, 
intermediary chemicals are an important market targeted by the bio-based industry which could 
be used in the production of polymers such as polyesters, nylon, polyurethanes and composites 
with high strength, solvents for coating and antifreeze applications. The bio-plastics have 
generated new market for industrial applications for example; starch can be directly converted 
into products such as biodegradable packaging to replace non-degradable polystyrene based 
packaging. The emulsifiers derived from lactic acid perk up the quality of breads, cake mixes, 
filling and toppings, powdered coffee, shortenings and whiteners. The lactic acid has also 
functions as a flavor enhancer in beer, wine cider, soft drinks, candies, frozen desserts, jams 
and jellies, margarine and pickles. The polylactide  polymers made from lactic acid are 
anticipated to become potential biodegradable plastics. Recently, new applications of lactic 
acid [16], such as monomer in biodegradable plastics or an intermediate in the synthesis of high 
volume oxygenated chemicals, have the potential to greatly expand the market for lactic acid 
(figure 2b). Therefore, the efficiency and economies of lactic acid fermentation need to be 
improved to make the price of lactic acid more attractive for these applications. Cargill 
Corporation has introduced polylactide based thermoplastics for single use disposable products 
such as utensils, plates, and cups. ICI Corporation has commercialized biodegradable PHB 
plastics (Polyhydroxybutyrate) for shampoo bottles and other high-cost disposables. Mitsui 
Chemical (Japan), Chronopol Inc., USA and Shimazdu Corp. are in market for the production 
of PLA (Polylactide). 
             First generation ethanol obtained from sugarcane and corn are well established while 
second generation ethanol obtained from lignocellulosic material and municipal waste could 
make ethanol more competitive to fossil fuel [17]. In late nineteen century, interest in cellulosic 
ethanol as a fuel has increased due to mounting oil prices and its shortage, carbon dioxide 
emission, global warming and rising demand of human food by using cheap and renewable 
feedstock. 
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Table 1: Cellulosic ethanol pilot and commercial plants under construction 
Company Location Feedstock Capacity feed 
rate 
Start date 
Pilot Plants             
Iogen Ottawa, Canada Wood chips 9.0×102 kg day -1 1985 
Iogen Ottawa, Canada Wheat straw 9.0×102 kg day  1993 
Masada/TVA Muscle Shoals, AL Wood NA 1993 
Sunopta Norval, Canada Various ( non woody) 4.5×102 kg day -1 1995 
Arkenol Orange,CA Various 9.0×102 kg day -1 1995 
NREL/DOE Golden,CO Corn stover, others 9.0×102 kg day -1 2001 
Pearson Technology Aberdeen,Ms Wood residues, rice straw 27 Mg day -1 2001 
NEDO Izumi, japan Wood chips   3.0×102 l day -1 2002 
Dedini Pirassununga, Brazil Bagasse 1600 m3  year -1 2002 
Tsukishima Kikai Co. Ichikawa,Chiba, Japan Wood residues 9.0×102 kg day -1 2003 
PureVision Ft. Lupton, Co Corn stover,bagasse 9.0×102 kg day -1 2004 
Universal Entech Phoe nix,AZ Municipal garbage 1.0×102 l day -1 2004 
Sicco A/S Odense, Denmark Wheat straw 1.0×102 kg h -1 2005 
Abengoa Bioenergy York, NE Corn stover(Co-located with 
grain ethanol plant) 
2000 m3 year -1 2006 
Demonstration 
Pants 
Maple Academy  ?? Wheat,oat and barley straw 3000 m3 year -1 2004 
ClearFuels Technology Kauai, HI Bagasse and wood residues 11,400 m3 year -1 2007 
Celunol Jennings, LA Bagasse, rice hulls (co-located 
with grain ethanol plant 
5000 m3 year -1 2007 
SEKAB Sweden Softwood residue (spruce, 
pine) 
30,000m3 year -1 2009 
Commercial Plants 
POET LLC(1) Emmetsburg, IA Corn Stover 20.25 M gallon 
year 
2013 
Mascoma Kinross, MI Wood waste 20 Million 
Gallon year 
2014 
Abengoa(3) Hugoton Cellulosic Material 25M Gallon year 2013 
Biogasol Bornholm Wheat straw 5M litre Year 2012 
Mossi &  Ghisolfi(5) Itally Cellulosic material 13M Gallon year 2012 
Dupont(6) Nevada, Iowa Corn stalks and leaves 30 M Gallon 
year 
2012 
Adapted from: Solomon et al., (2007) and modified [20] 
Many countries have started mega projects for replacement of transportation fuel with 
renewable biofuel which has relatively less impact on environment (Table 1) [18]. With the 
advancement in biotechnology, it could be possible to produce cellulosic ethanol by providing 
enzymes at affordable prices and their use in saccharification and ethanol production from 
cellulosic material, gain the potential to compete with gasoline in the coming decade [19-20]. 
Many petroleum based products could be produced from bioethanol like ethane, ethyne, 
acetaldehyde, propylene, butadiene, carbon dioxide and hydrogen (figure b) [21-26].    
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1.1Lignocelluloses 
            Lignocellulose termed as the plant cell wall, is composed of cellulose, hemicellulose 
and lignin. Fibrous material present in the cell wall for strength and flexibility is cellulose while 
a protective and impregnating coat present on this fibrous material is called lignin [27]. A 
cementing material is present between cellulose and lignin is hemicellulose. The schematic 
representative structure is shown in figure 3. In figure, straight bundles represent cellulose 
which is connected through lignin. The matrix is then fixed by different types of 
hemicelluloses, such as xyloglucan, glucurono-arabinoxylan or rhamnogalatan, or pectin’s like 
homoglacturonan. Agricultural farming, paper pulp and timber industries as well as a number 
of agro based activities are the sources of lignocellulosic material.  
 
Figure 3: Location and arrangement of cellulose microfibrils in plant cell walls (Murphy and McCarthy, 
2005) [27]  
1.1.1Cellulose 
            Cellulose, a highly ordered crystalline structure made up of cellobiose unit is composed 
of D-glucose linked with each other through β-(1,4)- glycosidic bonds with removal of water 
molecules [28-29] forming microfibrils linked together with hydrogen bonds and van der Waals 
forces into cellulose fibers (figure 3.1). Cellulose has 10000-15000 glycopyranose units in 
wood and native cotton respectively as determined by Sjostrom (1981) [30]. It has annual 
production of 100×109 ton. The hydrolysis of cellulose is difficult due to secondary and tertiary 
conformation and cementation of lignin and hemicellulose [6]. Hydroxyl groups present in 
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Figure 3.1: Cellulose backbone structure 
cellulose molecule is responsible for its distinct properties such as interaction with O-, N- and 
S- groups through H-bonding. OH groups along the chain make it stable and tightly packed 
crystalline structure by joining individual microfibrils through H-bond. The cellulose which is 
not soluble in 17.5% NaOH solution, termed as α-cellulose and which is dissolved named as β-
cellulose and the portion dissolved in 8.0% NaOH is termed as γ-cellulose [31].  
1.1.2Hemicellulose  
              Hemicellulose is a heteropolysacchride having degree of polymerization of 200. 
Polymer chain of hemicellulose may be homo- or hetro- with short branches at β-(1,4) or β-
(1,3)- glycosidic linkage [27]. It consists of five-carbon sugars such as xylose or arabinose and 
six-carbon sugars such as mannose, glucose or galactose [30] (figure 3.2). As compared to 
cellulose, the quantity and composition of hemicellulose vary to a great extent. The major 
component of softwood hemicellulose is glucomannan along with arabinose whereas in 
hardwood, glucurunoxylan is predominant. The softwood xylan does not contain acetyl groups 
and is more highly branched. Hemicellulose polymer has small branching on backbone 
structure, which is easily hydrolyzed as compared to cellulose [30].  
             
 
 
 
 
 
Figure 3.2: Monomer sugars present in hemicellulose polymer 
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1.1.3Lignin 
           Lignin, a complex polymer of phenolic monomers that cross linked with each other to 
form a tough structure. Its presence ensures the structural support, impermeability to cell wall 
and resistance against oxidative stress and microbial activity [32]. Lignin has three types of 
phenyl propionic alcohol monomers such as corniferyl alcohol (guaiacyl propanol), sinapyl 
alcohol (syringyl alcohols) and coumaryl alcohol (p-hydroxyphenyl propanol), their molecular 
structures are given in figure 3.3. The hardwood lignin has syringyl units as major component 
while softwood has guaiacyl as major one [33]. 
 
 
 
 
 
Figure 3.3: Molecular structures of building blocks of lignin [34]   
1.1.4 Extractives  
            Extraneous components present in lignocellulosic material that may be separated from 
cell wall by solubilizing it through water or neutral organic solvents. These are classified into 
various categories according to their chemical structures, many of which may be species 
specific. Prominent categories include volatile oils, terpenes, fatty acids and their esters, 
polyhydric alcohols, waxes, alkaloids, aromatic compounds, monosaccharides and 
polysaccharides [35]. A large number of extractives have prominent metabolic role in plant 
body. Biogenic intermediates including amino acids, simple fats, several carboxylic acids and 
monosaccharide represent primary metabolite which can be inter convertible. The secondary 
metabolites include common flavonoids, phenylpropanoids, simple tannins and terpenoids, 
sitosterol, chlorophyll and minute quantity of starch. Due to momentary nature of different 
extractives, their amount varies greatly in various plant tissues and due to the influence of the 
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environment. Therefore amount of extractives tends to be greater in the foliage of woody and 
grassy plants due to the photosynthesis [36]. 
1.2Utilization of lignocellulosic material for value-added chemicals and energy production  
             Lignocellulosic materials are renewable resource; present in plant cell wall can be 
burnt directly for energy production which is used for a number of useful purposes. However, it 
is necessary to breakdown the polymer structure present in biomass to simpler compounds for 
obtaining maximum benefit in the form of different valuable chemicals. After this, these 
chemicals can be used as fuel or often have to be transformed into different derivatives for use 
as raw material for production of fine chemicals (figure 2).  All this can be obtained after 
stepwise processes which involve the pretreatment of biomass in the presence of different 
chemicals or biological catalysts. It enhances the enzymatic accessibility to cellulose structure 
which has been exposed due to disruption of lignin and reduction in cellulose crystallinity 
releasing monomeric sugars for fermentation and further processing (figure 4). Yield of the 
hydrolysis process depends on the raw materials. Extensive research required to find out the 
factors which have most significant effects on the enzymatic digestion yield from different 
lignocellulosic materials. A biorefinery concept has been introduced for the conversion of 
renewable resources into valuable chemicals. It is an integrated process which includes the 
biomass conversion process and equipment which is used during production of fuels, chemicals 
and energy. It operates in similar fashion as petroleum distilleries. Some low volume but high 
value and high volume low value chemicals are obtained through same process. In order to 
develop a biorefinery, it is necessary to overcome the basic challenges presently faced. These 
challenges include heterogeneity of the biomass sources, processes used such as pretreatment 
of biomass, enzymatic hydrolysis and fermentation of resulting sugars, separation and 
purification of the final product. Different types of conversion process such as chemical, 
biochemical and thermochemical are presently in practice which use biomass resources as a 
substrate; convert them into different valuable products. These biomass sources are renewable 
and readily available all over the world for the production of fuel and other useful materials 
(figure 4).    
 
 
 10 
 
 
 
 
 
 
   
Figure 4: Flow diagram for the renewable resources [37] 
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CHAPTER-2   
  
LITERATURE REVIEW 
Nowadays, the biomass is widely used in research for the production of various non-
food products in different countries. A novel concept of biorefinery was introduced for research 
development activities to enhance the market value [38-41]. Biorefinery is used for the 
production of fuels, chemicals and power generation from biomass through integration 
conversion of biomass [42]. The aim of the introduction of biorefining concept is to complete 
valorization of biomass and enhance the overall performance of the process for the production 
of valuable chemicals with minimum loss of mass and energy. The valuable chemicals are 
obtained in fractionation in this process, thermochemical and biochemica l conversion steps are 
used with the combination of energy for their physical separation.  
At industrial scale, the concept of biorefinery has already been used for the production 
of food products such as soya protein, soya oil, potato starch, wheat starch and gluten. These 
functional systems may be promoted for the production of non-food products with this novel 
process.  
Biorefinery consists of three stages; 
1. In a primary fraction the degradation of biomass occurs into its components such as 
lignin, cellulose, hemicellulose, pure plant oil, minerals, amino acids and 
pharmaceutical compounds. Traditional processes are used for their separation like 
distillation, filtration and solvent extraction. Catalytic de-polymerization and 
supercritical CO2 extractions may also use. 
2. In a secondary process, the intermediate fractions are converted into end products e.g. 
bio-fuel, chemical intermediates (alcohols or acids) and platform chemicals such as 
lactic acid, levulinic acid and some phenolic compounds (figure 5). The secondary 
conversion process can be distinguished from the primary process on the basis of 
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thermo-chemical and biochemical processes (e.g. gasification, liquefaction and 
fermentation respectively). 
3. The last step involves the catalytic processing for the conversion of intermediates into 
their final products. 
 
Figure 5: Biomass utilization 
Keeping in mind the biorefinery concept, current literature review summarizes various 
feedstock used for production of fermentable sugars, pretreatment conditions, effect of biomass 
components during hydrolysis, effect of particle size and weight loss during pretreatment. 
Different pretreatment methods involving acid or alkali pretreatment, combined acid and alkali 
pretreatment, physical, physico-chemical, ultrasonic and biological methods were focused in 
order to establish the most favorable pretreatment condition. Further, use of Response Surface 
Methodology was also discussed which helps in (1) finding the suitable catalyst for 
pretreatment of various substrates, (2) statistically determine the optimized pretreatment 
conditions; lowest catalyst concentrations (%), pretreatment time and temperature.  Conversion 
of fermentable sugars into bioethanol and lactic acid were also highlighted. 
2.1. Feedstock/ Raw material  
           Biomass sources are available in large variety for utilization and conversion into 
valuable chemicals. Socio and techno economical point of view is an important parameter for 
the selection of biomass feedstock. The biomass should not contest by means of food chain. 
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Those agricultural wastes which have low or even negative waste streams values are preferred. 
Advantage is given to those sources that are unable to prone diseases and have higher growth 
rate and require less quantity of fertilizers and easily available throughout the year. According 
to this criterion water hyacinth, corncob, bagasse, banana pseudo stem and rice husk are 
outstanding biomass feedstock for additional conversion.  
2.1.1 Water Hyacinth  
             Eichhornia crassipes (Water hyacinth),  with higher growth rate can double its mass in 
8- 10 days, was present in fresh water ponds, wetlands, marshes, sluggish flowing waters, large 
lakes, rivers and shallow ponds [43]. It is an aquatic weed and a single plant can produce up to 
3000 offspring in 50 days [44]. Productivity of water hyacinth plant was very high up to 100-
140 ton dry material Ha-1 year-1 [45]. Because of its capacity for exponential increase in the 
biomass, this weed needs constant caution by farmers and canal irrigation personnel.   
                  
Figure 6: Utilization and valuable usages of water hyacinth 
Some uses have been reported in literature (Figure 6) for this weed by different workers [46-
50].  The main potential uses include the production of bioethanol [51, 47], enzymes [52, 53], 
levulinic acid [54], pulp and paper [55] along with heavy metal extraction from waste water, 
furniture production, fertilizer and food for animals. However, there is no reported utilization of 
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this weed at industrial scale and it still continues to be a threat for famer and water management 
authorities as it blocks water flow in irrigation and drainage canals, channels and streams. This 
weed also makes aquatic recreational activity difficult as in Victoria Lake in Africa and is 
potentially unsafe in lakes, thus causing potential hurdles to tourism and its related industries. 
So for, control through chemical (herbicide spray), manual and mechanical harvesting has been 
practiced widely but all these methods are costly [54]. To address such problems, we propose to 
use it as a raw material for the extraction of fermentable sugars for value-added chemicals by 
optimizing and studying the two stage hydrolysis.  
2.1.2Corncob 
             According to Food and Agricultural Organization of United State, (2008), the world 
production of corn exceeded to 695×10 9 kg, so it is most widely planted crop in the world [56]. 
The distribution of crop production in the world is American continent: 53.0%, Asia: 29.0% 
and Europe: 11.0%. Maize is a major food crop after wheat and rice in Pakistan with annual 
production of 3760×1000 MT during year 2010-2011 [57], which provides raw material to  
 
Figure 7: Utilization and valuable usages of corncob 
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industry and feed to livestock and poultry as well. It contributes more than 10.0% of all 
agricultural production. The corn crop contains corn and corn stover in equal proportions. The 
corn stover contains 15-20% of corncob [58-59] which is available for further use (figure 7). 
Higher cellulosic content (55-75%) of corncob [60] was considered as a potential source for the 
production of fuel and other value added chemicals [61-64]. The various applications of the 
corncob are listed in figure 7, which have been investigated by different workers as Sirikarn et 
al., (2012); Ali  et al., (2009); Garrote, (2002); Parajo et al., (1994); Damisa et al., (2008);  
Ramesh et al., (2013) and Jingping et al., (2012) [65-71]. 
2.1.3Bagasse 
            Sweet sorghum can be cultivated in almost all temperate and tropical regions [72] due 
to having high photosynthetic activity and resistant against drought with less fertilizer and 
water requirements. It has been used for extraction of sugar in North America for over 100 
years and the remaining solid residue was used separately. There are several possibilities to 
convert sweet sorghum juice to highly valuable product. The sugar portion consists of white 
sugar (edible use) and molasses processed into fuel ethanol through fermentation of sugars 
present in molasses. Sweet sorghum juice itself can be used for ethanol production as well [73] 
and it is an ideal substrate for production of gaseous biofuels such as hydrogen [74, 75] or 
biogas [76]. It provides a potential production of around 6000.0 l/ha of ethanol (from sweet 
juice), and up to 15.0 t/ha of bagasse [77]. Brazilian’s sugar industry processed about 602 
million ton of sugarcane during 2012/13 harvest, producing thirty nine million tons of sugar 
and twenty four billion liters of ethanol [78]. Each ton of sugarcane produced 270-280 kg of 
bagasse [79] and 140.0kg of straw. During year 2012/13 sugar industry in Brazil produced 163-
169 million ton of bagasse. The annual bagasse production in all over the world is around 400 
million tons (UNSD; 2005). 
           Sweet sorghum bagasse has also several ways of utilization (figure 8). In contrast to 
juice, which can be used in food industry; the bagasse fraction has only non-food utilization. 
Earlier, it was used as animal feed or as soil fertilizer after composting with other wastes [80]. 
Now a day, bagasse is mainly used for energy production through combustion [81, 82]. The 
main problem with combustion is its high ash content, which can cause slagging, corrosion or 
fouling [83]. Antonopoulou et al., (2008) [74] used bagasse for methane production. 
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Furthermore, sweet sorghum bagasse is a remarkable raw material for paper industry, yielding 
high quality pulp [84]. Cellulase and xylanase enzymes are also produced, which are effective 
for hydrolysis of polysaccharides present in bagasse and other lignocellulosic materials [85, 
86].  
  
Figure 8: Utilization and valuable usages of bagasse 
2.1.4Banana pseudo stem 
             Banana Crop is produced in tropical areas especially, America, Brazil, China, India and 
Pakistan. The production of banana is equal to 6.8 million ton in Brazil only. Characteristic of 
banana crop is its short life cycle: only one year with low ratio between fruit and its vegetative 
part resulting in a lot of waste material. Its stem goes to field as organic waste and cause 
environmental pollution [87-90]. Banana pseudo stem contains average amount of cellulose 
47.0%, hemicellulose 13.0%, holocellulose 55.0%, lignin 13.0 %, ash 8.2 % and extractives 
3.05% [91]. This is abundant and cheap resource of lignocellulosic biomass that can be found 
throughout the world especially in Asia and Europe. In Pakistan, the planting area for banana is 
33,000 acres [92] while in India; it is the second largest fruit crop. Due to its high cellulosic 
content, a large number of applications are under study such as manure [93], feed [94], kraft 
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pulping [95], chlorine free formic acid pulping [96], synthesis of sodium 
carboxymethylcellulose (CMC) [97] and are listed in figure 9. Pseudo stem, present in the crop 
fields create environmental pollution, producing hydrogen sulfide and ammonia gas after 
decaying [90]. 
         
Figure 9: Utilization and valuable usages of banana pseudo stem 
2.1.5 Rice Husk 
             The global rice production is about 600 million ton, along with 120 million ton of husk 
residues approximately are also produced [98]. The production of rice in South East Asia was 
216 million ton [99] (FAOSTAT 2010) which has 20.0% of rice husk [100]. In Pakistan 5.93 
million ton of rice is produced every year which has 1.78 million ton of rice husk [101]. Rice 
husk is present in bulk quantity in Asia region for its use in different projects. Already it was 
used as source of energy, high quality silica, in the production of composite/ panels as a wood 
substitute and as bedding material for animals, while the industrial applications of this material 
are still limited [102-108]. Some other uses include; it provides stabilizing property for 
improving the residual soil along with cement [109], high level of silicon and needle like shape 
of rice husk help to control the insect pest in stored food stuff such as soya bean, [110], 
production of carbon black which is used in water purification [111], as vulcanizing of rubber 
instead of pure silica [112], as a cleaning or polishing agent for metal or machine [113] (figure 
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10). Therefore, it is useful to consider this waste for production of value-added products such 
as furfural, xylitol, ethanol, acetic acid and ligno-sulphonic acid [113], providing a clear effect 
on the environment. Some of its ingredients are recovered for further applications by suitably 
combining chemical and thermal treatments. 
               
Figure 10: Utilization and valuable usages of rice husk 
2.2 Processing of lignocellulosic material into fermentable sugars and 
valuable products 
             Bioethanol or lactic acid production process consists of several steps which vary with 
the type of lignocellulosic material. Cellulosic molecule is water insoluble due to their tightly 
packed and highly ordered crystalline structure which enables it to resist hydrolysis, so a more 
advanced technology is required for conversion of cellulosic material into fermentable sugars 
and finally into ethanol as compared to starch. The technology consists of five major operations 
as listed below [20, 114-115]. 
 Pretreatment 
 Hydrolysis 
 Fermentation 
 Separation 
Rice         
husk
Bedding 
Material
Silica
Composit/
Panels/
Concrete
water 
purification
Insectiside 
controller
Vulcanizing 
of rubber
Energy
 19 
 
 Purifications 
2.2.1 Pretreatment of lignocellulosic material 
               Lignocellulosic material has high resistance against enzymatic hydrolysis due to its 
highly ordered structure; which is the main cause of its applications in production of valuable 
products i.e., ethanol, biogas and lactic acid etc. In lignocellulose, carbohydrate polymers are 
strongly bounded with lignin by hydrogen and covalent bonding, becoming intractable for 
hydrolysis and ethanol production. Before depolymerization and fermentation steps, there is a 
delignification step which decreases the crystallinity of the biomass structure and increases the 
rate of hydrolysis (figure 11). Cellulose and hemicellulose are released from their complex in 
delignification process [116-118]. Enzymatic hydrolysis is preferred in case of citrus wastes 
because of the absence of lignin in its structure. However, their structure contains cellulose, 
hemicellulose and pectin polymers which bound themselves and form three dimensional 
structures which make its hydrolysis difficult [119]. 
 
Figure 11: Effect of acid pretreatment on lignocellulosic biomass [114, ] 
Structure of lignocellulosic material can be classified in to two types (i) external and (ii) 
internal. Shape and size of the particle is considered as external surface area, while the capillary 
structure of cellulosic fiber is reflected as internal surface area. The size of the dry cellulosic 
fiber is small about 15-40 µm therefore the external specific surface area has considerable 
value, e.g. 0.6-1.6 m2/g. The external surface area of dried cellulosic fiber is greater than the 
internal surface area. In wet conditions, the internal surface area swells up with water and other 
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polar solvents as compared to external surface; area shrinks and reduces when it dries. During 
enzymatic hydrolysis, surface area changes, the rate of hydrolysis is high at initial stages which 
decrease later on. With the passage of time, decrease in hydrolysis rate is not due to lack of 
accessible surface area but due to crystalline part. The rate of hydrolysis is decreased when 
amorphous part of the cellulose is hydrolyzed [120]. 
2.2.1.1 Effective parameters during pretreatment of lignocelluloses 
           The main target of pretreatment is to prepare the material for enzymatic degradation. 
The pretreatment of lignocelluloses material is quite difficult because its structure is not simple. 
The pretreatment method and conditions depend upon the type of substrate because each 
material has its own physical and chemical characters which require a specific pretreatment 
[121, 122]. The dilute acid is useful for pretreatment of poplar trees and leaf of corn, whiles the 
bark of sweet sorghum and corn stalks are not affected by this process [123, 124]. The main 
factors which affect the rate of biological degradation are the crystallinity, surface area, 
protection by lignin, degree of cellulose polymerization and degree of acetylation [125]. The 
detail of these factors is given below. 
2.2.1.2 Crystallinity 
            Both crystalline and amorphous regions are present in the cellulose microfibrils. 
Crystalline form is the major component of cellulose which is 2/3 of its total [126]. The 
amorphous portion of the cellulose is hydrolyzed more easily with cellulase enzyme as 
compared to crystalline portion which is not accessible. High crystallinity is therefore more 
resistive towards enzymatic hydrolysis. There is inverse relation between crystallinity and 
digestibility of lignocellulosic materials [120]. Some experiments show that the more 
crystalline lignocellulose has more digestibility [125]. Grethelin (1985) [127] had determined 
the pore size distribution after pretreatment of hard and soft wood through mild acid hydrolysis 
method. There was a linear relationship between pore volume which is accessible size for 
cellulase enzyme and the initial rate of hydrolysis. Delignification with calcium hydroxide 
increases the crystallinity from 43.0% to 60.0% in corn stover, increase in crystallinity means 
decrease in amorphous components. However this pretreatment did not affect the hydrolysis 
yield [127]. It has been publicized that there was no relation between rate of hydrolysis and 
crystallinity. The inverse relation between crystallinity and size of cellulose was studied by Fan 
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et al., (1980), through ball milling and reported that crystallinity does not negatively affect the 
hydrolysis rate [120]. Lignin and hemicellulose also contribute towards the enzymatic 
hydrolysis therefore the crystallinity is not the only factor that determines the rate of 
hydrolysis. 
2.2.1.3 Effect of accessible surface area 
             Various studies have proved that enzymatic digestibility is correlated with accessible 
surface area or particle size of the cellulose. Small particle size increases the surface area and 
provides room for action of cellulytic enzyme. The removal of lignin and hemicellulose from 
lignocellulosic material means that there is an increase in accessible surface area and enzymatic 
hydrolysis. Accessible surface area is not the individual factor that determines the enzymatic 
hydrolysis it correlates with other factors i.e., crystallinity, lignin and hemicellulose protection 
etc. The enzymatic hydrolysis consists of three parts [125, 128] 
1) Adsorption 
2) Biodegradation 
3) Desorption 
            In adsorption, cellulase shifts on the cellulose surface from the liquid phase. The 
reaction is heterogeneous and there is direct interaction between cellulytic enzyme and the 
cellulose which is prerequisite for the hydrolysis through the enzymes. In enzymatic hydrolysis, 
the interaction and accessible surface area can be limiting factor [120, 128].  
2.2.1.4 Effect of lignin 
             Lignin is a rigid part, responsible to hold the cellulose and hemicellulose together. It 
also prevents the lignocellulosic material to swell up. Lignin contents resist the enzymatic 
digestibility by reducing the access of enzyme to cellulose. Delignification increases the 
enzymatic hydrolysis however; in some cases hemicellulose part is also hydrolyzed which 
means delignification does not play a sole effect [128]. The hydrolysis of lignin depends upon 
its type as in soft and hardwoods. In some cases, lignin inhibits the swelling of cellulose. 
Swelling can be achieved without removing the lignin but in this way hydrolysis does not 
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increase [130, 131]. The lignin content and its distribution may influence the enzymatic 
hydrolysis in two major ways.  
1) Lignin prevents enzymes from effective binding to the cellulose.  
2) Lignin irreversibly adsorbs the cellulase enzymes, preventing their reaction with substrate. 
 The removal of lignin leaves the cellulose more accessible and more open to swelling 
on contact with cellulase [130-131]. For example, higher enzymatic conversion of cellulose has 
been achieved from extensive delignified softwood kraft pulp, containing 4.0% lignin or 
delignified mechanical pulp, containing 8% lignin; while partial lignin removal (with a final 
lignin content of 32.0-36.0%) has resulted in lower hydrolysis yield [132]. The extent to which 
lignin adsorbs enzyme depends very much on nature of the lignin itself [133, 134].  
2.2.1.5 Effect of hemicellulose 
              Enzymatic attack is protected by hemicellulose which is a physical barrier that 
surrounds the cellulose. Enzymatic hydrolysis can be improved by removing the hemicellulose 
contents. The method used for the removal of hemicellulose also removes the lignin content 
that is why these methods are not more beneficial. Hemicellulase enzyme is used for the 
hydrolysis of hemicellulose. Dilute acid hydrolysis method is also beneficial for the digestion 
of hemicellulose. 
2.2.2Pretreatment methods 
            A number of pretreatment methods are in practice which vary with the nature of 
biomass with different reaction conditions and catalyst such as mechanical pre-treatment [128], 
steam explosion [135], ammonia fiber explosion [136] , supercritical CO2 treatment [137] , 
alkali or acid pretreatment [138, 139] , ozone pretreatment [140] , and biological pretreatment 
[141]. Various pretreatment methods, their effect on the biomass structure and area of interest 
are given in table 2.1 & 2.2. 
2.2.2.1Physical methods 
Physical pretreatment methods decrease the degree of polymerization and crystallinity 
hence increase the pore size and accessible surface area. 
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Table 2.1: Pretreatment type, structural change and their outcomes [115b] 
Pretreatment 
Technique 
Catalyst and process Biomass structural changes Applications Benefits/Drawbacks 
P
h
y
si
c
a
l 
P
r
e
tr
e
a
tm
e
n
t 
Milling:  
 Ball milling  
 Two-roll milling  
 Hammer milling  
 Colloid milling  
 Vibro energy milling 
Irradiation:  
 Gamma-ray irradiation  
 Electron-beam irradiation  
 Microwave irradiation  
Others:  
 Hydrothermal  
 High pressure steaming  
 Expansion  
 Extrusion  
 Pyrolysis   
 
Increase in 
accessible surface 
area and pore size 
 
 
Decrease in cellulose 
crystallinity 
 
Decrease in 
degrees of                            
polymerization 
 
 
Ethanol  
  
  
 
Ethanol and 
biogas  
  
Ethanol and 
biogas  
- Most of the methods  
are highly energy- 
demanding  
 
- Most of them  
cannot  remove the  
lignin 
  
- It is preferable not  
to use these methods  
for industrial  
applications  
 
-No chemicals are  
generally required for  
these methods   
B
io
lo
g
ic
a
l 
 
P
r
e
tr
e
a
tm
e
n
t 
 
 
 
 Fungi  
 Actinomycete 
Delignification 
 Reduction in degree 
of polymerization of 
cellulose 
Partial hydrolysis of 
Hemicellulose 
 
 
Ethanol and 
Biogas 
No chemical,  low energy requirement, 
resulting low treatment rate 
Mild environmental 
Conditions 
Not viable for 
commercial application 
 24 
 
Table 2.2: Pretreatment type, structural change and their outcomes 
Pretreatment 
Technique 
Catalyst and process Biomass structural changes Applications Benefits/Drawbacks 
C
h
e
m
ic
a
l 
P
r
e
tr
e
a
tm
e
n
t 
 
Explosion:  
 Steam explosion  
 Ammonia fiber explosion (AFEX) 
 CO2 explosion  
 SO2 explosion  
Alkali:  
 Sodium hydroxide 
 Ammonia  
 Ammonium Sulfite 
Acid:  
 Sulfuric acid  
 Hydrochloric acid 
 Phosphoric acid 
 Maleic acid  
 Nitric acid 
Gas:  
 Chlorine dioxide  
 Nitrogen dioxide  
 Sulfur dioxide  
Oxidizing agents:  
 Hydrogen peroxide  
 Wet oxidation  
 Ozone  
Solvent extraction of lignin:  
 Ethanol-water extraction  
 Benzene-water extraction  
 Ethylene glycol extraction  
 Butanol-water  extraction  
 Swelling agents 
 
 
 Increase in  
accessible surface  
area  
 
 
 Partial or nearly  
complete  
delignification  
 
Decrease in  
cellulose crystallinity and 
hydrolysis of hemicellulose 
  
 
 
Decrease in degrees  
of polymerization  
 
 Partial or complete  
hydrolysis of  
hemicelluloses 
 
 
 
 
 
 
 
Ethanol, lactic acid  
and biogas  
  
  
 
 
 
These methods are 
among the most 
effective and include 
the most promising 
processes for industrial 
applications 
 
 
- Usually rapid 
treatment rate 
 
 
- Typically need harsh 
Conditions 
 
 
- There are chemical 
Requirement 
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Different physical methods were used for the improvement of biodegradability and the 
enzymatic hydrolysis of lignocelluloses waste materials. 
These methods are given below 
1) Milling (ball milling, two roll-milling, hammer milling, colloid milling and vibro 
energy milling) 
2) Irradiation ( gamma rays, electron beam and microwaves)  
2.2.2.2Milling 
          Degree of crystallinity and ultrastructure of lignocellulose can be changed by applying 
milling, and make it more acquiescent to enzymes. Milling process is different for wet and dry 
materials. The wet material can be milled through colloid mill and dissolver, e.g. wet paper and 
paper pulp and for dry waste materials extruder, hammer mill, cryogenic mill and roller mill are 
in practice, e.g. the waste paper can be grind with hammer mill [142- 144].  In milling process, 
the size and degree of crystallinity decrease and material becomes more susceptible for 
enzymatic hydrolysis [120]. Corn stover with sizes 425-710 µm was 1.5 times less productive 
than corn stover with smaller sizes of 53-75 µm without any pretreatment [145]. Mild 
hydrolytic conditions result in saccharification of more than 50.0% of the straw cellulose with 
minimum degradation of glucose [146]. The crystallinity index can be reduced from 74.9 to 
4.9% through ball milling [120]. Hydrolysis process can be improved by performing the 
milling process, mass transport and enzymatic hydrolysis simultaneously. Ball milling process 
utilizes enormous amount of energy hence it is costly. To decrease energy cost, a continuous 
stirred tank reactor is used which is placed between hollow fiber cartridge and ball mill. Milling 
process is unable to remove lignin which is another disadvantage of this technique [147].  
2.2.3Chemical pretreatments 
2.2.3.1 Acidic pretreatment 
         The most common method in chemical pretreatment is the acid hydrolysis. Acid 
pretreatment process uses either dilute or concentrated acid for the de-crystallization of the 
lignocellulose which enhances the hydrolysis yield. Dilute acid pretreatment is one of the most 
studied and widely used processes for the treatment of lignocellulosic material [148, 149]. Acid 
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hydrolysis can be done by two methods, either low temperature and high acid concentration 
and high temperature with low acid concentration. Variety of acids is used during treatment 
such as sulphuric acid [150], hydrochloric acid [151], peracetic acid [152], nitric acid [153] and 
phosphoric acid. The most effective acid is sulfuric acid. Two types of dilute acid pretreatment 
methods were in practice; one is continuous flow process with low solid loading generally 5.0 – 
10.0% at low temperature and second is batch process at high temperature with high solid 
loading usually 10.0 – 40.0% (w/v) [152]. High acid concentration is dangerous and extremely 
corrosive. Therefore need to use expensive alloys or non-metallic constructions. In economical 
point of view, the concentrated acid process requires the recovery of acid which is an energy 
demanding process. On the other hand large amount of gypsum is produced during 
neutralization process. It requires high maintenance costs and high investment therefore it is not 
preferred at commercial level [125, 153]. In dilute acid process, different types of reactors are 
used for the pretreatment of lignocellulose such as batch reactors, countercurrent, plug flow, 
percolation and shrinking-bed reactors. Cellulose hydrolysis can be improved significantly by 
treating the material at low acid concentration (0.1-1.0% sulfuric acid) and at elevated 
temperature (140-190oC). Complete hemicellulose can be removed by dilute acid pretreatment 
method. Dilute acid pretreatment also degraded the lignin which is not much effective; but it 
increases the susceptibility of the enzyme for cellulose hydrolysis [153]. The main 
disadvantage of the acid pretreatment at low pH is the formation of some inhibitors such as 
furans, carboxylic acids and phenolic compounds. These compounds inhibit the microbial 
growth and fermentation but the enzymatic hydrolysis is not affected b y this method, whereas 
the yield and productivity of biogas or ethanol is reduced. The formation of these inhibitors 
should be less if materials are treated at high pH [140]. 
2.2.3.2 Alkaline pretreatment 
               Alkali solution such as sodium hydroxide, ammonia and calcium hydroxide is used as 
a pretreatment catalyst for the removal of lignin and hemicellulose which increases the surface 
area of the cellulose by swelling and decreasing the degree of crystallinity [154]. 
Saccharification is sharply increased after alkali pretreatment [155]. In alkaline pretreatment 
method, high concentration of base is used for long time at low temperature. When ammonia 
liquor (10.0%) is used at room temperature for the soaking of soybean straw for 24 hours, the 
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lignin and hemicellulose decrease by 30.16 and 41.45% respectively. Wood material is less 
affected than agricultural residues by alkaline pretreatment method [154]. Different substrates 
such as wheat straw, poplar wood, switch grass and corn stover were pretreated with calcium 
hydroxide at different temperatures for varying times, which removed the lignin, acetyl groups 
and uronic acid substitutions for maximum hydrolysis of  cellulose and hemicellulose [156]. 
2.2.3.3 Alkaline peroxide 
             For the pretreatment of biomass alkaline peroxide is an effective process. In this 
process the pH was adjusted with water, containing H2O2 and NaOH, for 5-6 hour at room 
temperature which softens the lignocelluloses materials. Delignification process can improve 
the enzymatic hydrolysis.  
2.2.3.4 Organosolv process 
              Lignocellulosic materials can also be treated through organosolv process with variety 
of organic and aqueous- organic solvents at temperature range of 150-200oC, with or without 
catalyst certifying the maximum removal of lignin, some part of hemicellulose and maximizing 
the enzymatic hydrolysis [157 – 159]. The organic solvents used in this process are alcohols, 
glycols, organic acids, esters, ketones, ethers and phenols. The price and recovery factor of the 
solvent should also be considered. To reduce the operational costs solvent should be separated 
through evaporation and recycling. Usually the solvents inhibit the digestion of the action of 
enzymes and hydrolysis, therefore the removal of solvent from the pretreated cellulose is 
necessary. Lignin and hemicellulose can be separated in a two stage progression by organosolv 
and acid. Lignin can be extracted from the solvent for e.g. generation of electricity, process 
heat, lignin-based adhesives and other products, due to its high purity and low molecular 
weight [160]. 
2.2.3.5 Wet oxidation 
             For the production of biogas and ethanol wet oxidation is used as a pretreatment 
method. In this process, the air or oxygen along with water is used for the pretreatment of 
materials at temperature above 120oC for 30 minutes [161]. In wet oxidation oxygen pressure, 
temperature and reaction time are the most important parameters. The wet oxidation is an 
 28 
 
exothermic process; there is no need to supply heat when the reaction is initiated [162]. In this 
method the hemicellulose and lignin fraction can be separated from cellulose. Oxygen plays an 
important role in degradation reaction at low temperature which enhances the production of 
organic acids. During wet oxidation, rate of reaction is too high which generate heat creating 
problem in temperature control of the reactor. In this process all the three contents of the 
lignocellulosic materials are affected. The lignin undergoes both cleavage and oxidation; the 
hemicelluloses are cleaved to monomeric sugars; and the cellulose is partly degraded. The 
cellulose becomes more accessible to the enzymatic hydrolysis [163].  
2.2.3.6 Ozonolysis 
            Due to easy availability of ozone and miscibility with water, it is used as strong oxidant 
during pretreatment. Hemicellulose and lignin can be broken down by ozone which was 
obtained from bagasse, peanut, pine oil, wheat, cotton straw [164]. Those compounds which 
have more electron based functional groups and having high conjugation of double bond (C=C) 
which immediately oxidize lignin [165]. Pretreatment with ozone was done at room 
temperature and pressure for lignin removal and it did not give any harmful materials during 
downstream steps [166]. By using some critical catalyst or giving higher temperature for 
decomposition of ozone, it can reduce the risk of environmental pollution [167]. If percentage 
of ozone is taken in higher ratio, then this method could be very costly [127]. 
2.2.3.7 Ammonia fiber explosion (AFEX) 
             In this process, high pressure was used to pretreat the lignocellulosic substance in the 
presence of ammonia and water at high temperature and pressure. This pretreatment can 
enormously enhance the fermentation of different herbaceous grasses and crops. AFEX process 
can also be used for pretreatment of bagasse, rice straw, wheat straw & chaff and barley [127]. 
The effectiveness of AFEX treatment is the production of minute quantity of inhibitors and 
maximum removal of lignin. Duration of this treatment is short but crystallinity of the 
cellulosic structure changed remarkably which resulted in enhanced hydrolysis of carbohydrate, 
due to easy accessibility of enzymes [167].  
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2.2.3.8 Carbon dioxide explosion  
            The CO2 explosion is very much similar to NH3, which forms the carbonic acid on 
reaction with water during pretreatment reaction, enhancing the hydrolysis rate.  CO2 molecules 
can enhance the hydrolysis of hemicelluloses and cellulose through formation of carbonic acid 
when in contact with biomass surfaces. The penetration of CO2 molecules become more 
effective at high pressure which ultimately enters into crystalline structure of cellulose. As high 
temperature is not required during CO2 explosion so decomposition of monosaccharide is less, 
ultimately less quantity of inhibitors are formed, as a result glucan conversion yield was higher 
than steam explosion or AFEX process [164]. This method is difficult to handle and involves 
multiple steps but this method is cost effective as compared to ammonia explosion and also 
environment friendly [115]. 
2.2.3.9 Hot water 
            In this method, hemicellulose fraction is removed with hot water under high pressure. 
No chemical treatment is involved in this method as only hot water is used. Corrosion resistant 
substances and reduction in raw material size is not necessarily required in hydrolysis reactor 
[116]. Corn fibers and herbaceous crops pretreatment are generally carried out using this 
technique [117]. Temperature of water is maintained at around 200-230oC in contact with 
biomass for 15min which dissolved 38-62% biomass in which complete hemicellulose is 
removed. 
2.2.3.10 Biological pretreatment 
          For production of biogas, biological pretreatment was also investigated in which 
microorganisms are used to increase the saccharification efficiency. Biological process is more 
beneficial for use because lower energy is required; no chemical and other harsh conditions are 
required [127]. Cellulose molecule is most resistant to biological attack while lignin and 
hemicelluloses are easily degraded, leaving pure cellulose for production of glucose. Different 
types of fungi such as brown, white and soft-rot fungi were used but white-rot fungus was 
favorable for pretreatment of lignocelluloses [127]. Taniguchi et al., 2005, [168] pretreated the 
rice straw with four types of white-rot fungi named Trametes versicolor, Phanerochaete 
chrysosporium, Ceriporiopsis subvermispora and Pleurotus ostreatus. They have evaluated the 
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structural changes and composition of biomass components in pretreated straw. P. ostreatus 
potentially degraded the lignin component more and resulted in improved enzymatic 
saccharification efficiency. Kurakake et al., 2007 [151] pretreated the office paper for 
maximum enzymatic saccharification with two strains of bacteria (Sphingomonas paucimobilis 
and Bacillus circulans). At optimum conditions during bacterial pretreatment, enzymatic 
digestibility of the office paper reached up to 94.0%. This pretreatment is not only used for the 
removal of lignin but also for the removal of antimicrobial substances. Solid state fermentation 
of orange peels by fungal strains of Sporotrichum, Aspergillus, Fusarium and Penicillum 
enhanced the availability of sugars and reduction in toxic substances [169]. In a similar work, 
cultivation of white rot fungi was used to detoxify the olive mill wastewater and improve its 
digestion [170]. 
2.3 Optimization of pretreatment and hydrolysis process   
             Luo et al., 1997 [171] derived a mathematical model for the simultaneous 
saccharification and lactic acid fermentation. They suggested that saccharification and lactic 
acid process were compatible with each other due to the same optimal reaction conditions such 
as pH, temperature and the anaerobic nature.  
            Sirisansaneeyaku and Rizzi in 1998 [172] optimized the production of xylose from 
saccharification of wheat straw through acid, alkali and enzymatic hydrolysis at different 
conditions. They obtained 91.0-133.0 g of xylose per kg of wheat straw or 63.0% of 
hemicellulose, by using optimal pretreatment conditions as: solid: liquid ratio 1:15, sulphuric 
acid 1.45% and particle size 0.5-1.4 mm was taken at a temperature 121 oC for half an hour. 
They further analyzed the hydrolyzate and the quantity of different sugars obtained were 
glucose (0.64 - 1.32 gL-1), arabinose (1.88 to 3.20 gL-1) and xylose (8.40 to 11.30 gL-1). They 
obtained glucose 189.0 g per liter along with 0.90 g/liter of xylose with 12.0% sodium 
hydroxide solution at 30oC when reaction time was 24h. For hydrolysis of wheat straw, they 
got improved results with H2SO4 than enzyme or alkali. 
             Saha and Bothast in 1999 [173] used low cost feedstock (corn fiber) for the production 
of fuel ethanol by using two step method of hydrolysis i.e., pretreatment a nd enzymatic 
hydrolysis. They checked the efficiency of different pretreatments such as hot water, alkali and 
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dilute sulphuric acid. They revealed that corn fibers contain about 35.0% hemicelluloses, 
14.0% cellulose and 20.0% starch. Theoretical yield of monomeric sugar from corn fiber was 
reported around 90.0 to 100.0%. The pretreatment with hot water and alkali at 121 oC for 1.0h 
facilitates enzymatic hydrolysis of cellulose and starch not hemicellulose, while when 
pretreatment was done with dilute sulphuric acid (0.5- 1.0% v/v for 45 min. at 121 oC) 
hydrolysis of hemicellulose was occurred.  
            Nguyen et al., (2000) [174] studied the two stage pretreatment process with dilute 
sulphuric acid and steam for tree chips. In the first pretreatment step, sugars from 
prehydrolyzate were washed with steam and the solid residue was pretreated with dilute acid at 
higher temperature for maximum cellulose hydrolysis in enzymatic step. By this second 
pretreatment process, hydrolysis yield increases 10.0% and overall 50.0% enzymatic 
saccharification was obtained.  
            Ye and Cheng (2001) [59] studied the simultaneous saccharification and fermentation 
process with hydrochloric acid, using corncob as a lignocellulosic feedstock. The hemicellulose 
fraction was separated from the cellulose through hydrolysis with 1.0% HCl at 100oC and 
atmospheric pressure. Lignin and hemicelluloses were removed through this pretreatment. The 
remaining solid contains ~90% cellulose which was hydrolyzed enzymatically and the resulting 
sugars obtained were used as a substrate for production of butanediol and ethanol. The quantity 
of butanediol and ethanol obtained was 25.0 and 7.0g/L respectively when concentration of 
cellulase enzyme was 8.5 IFPU/g of corncob residue.  
             Byung et al., (2001) [175] used sulphuric acid and phosphoric acid as a catalyst for the 
hydrolysis of corn stover at moderate temperature and pressure. In dilute acid pretreatment 
hemicellulose was hydrolyzed into soluble sugars and the remaining cellulose fraction was 
hydrolyzed with enzyme for the production of glucose. Pretreatment process was carried out at 
121oC for different time intervals (30.0, 60.0 and 120.0 min) with 0.00 – 0.20% acid 
concentrations. Dilute acid pretreatment had showed good results in terms of cellulose 
digestion (>78%) and recovery of hemicellulose 70.0-90.0%. This pre-hydrolysis and post-
hydrolysis with dilute H2SO4  showed much better results than H3PO4. 
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            Kim et al., (2001) [176] disclosed that pressed acid pretreated feedstock gave lower 
yield of soluble sugar than air dried feedstock. Before pretreatment, pressing of the biomass 
resulted in 76.90% hydrolysis yield of the hemicellulose in first stage and 33.40% glucose yield 
from second stage hydrolysis. Air dried feedstock, in dilute acid treatment with similar quantity 
of acid concentration and total solid to pressed biomass, yielded 87.20% hemicellulose 
hydrolysis in first step and in second step 46.90% glucose yield from cellulose hydrolysis 
which was higher than pressed acid pretreated substrate.  
             Martinez et al., in 2001[177] studied the saccharification and fermentation process. He 
observed that, if acid hydrolyzate is treated with lime before fermentation, it will reduce the 
inhibitors in hydrolyzate which enhances fermentation yield.  Detoxification method includes 
addition of lime in hot acid hydrolyzate. In the presence of biocatalyst (Ethanologenic 
Escherichia coli) the quantity of lime used for detoxification was varied depending upon the 
percentage of organic and mineral acids used during pretreatment. At optimal dose of lime, the 
reduction in inhibitor levels was 51.0+9% of furans, 41.0+6% phenol and 8.0+4.5% sugars. 
             Badger in 2002 [178], explained the advantage of pretreatment of biomass with dilute 
acid which fastens the rate of reaction but its disadvantage is low sugar yield due to sugar 
degradation into different chemicals. He reported a yield of 50.0% from pure cellulose a fter 
pretreatment with dilute H2SO4 (1.0%) in a continuous flow reactor at temperature of 237 oC 
and residence time of 0.20 min. He devised a two stage process of hydrolysis because the 
degradation rate of five carbon sugars was more than six carbon sugars. For maximum recovery 
of the five carbon sugars, first stage process was operated at mild conditions from where 
hydrolyzate was removed which had 5-carbon sugars. In second step, hydrolysis of the 
cellulose was done at harsh conditions. But still, sugar degradation is problem and yield of 
ethanol was low ~81 gallons per ton of dry wood. 
          Martin et al., (2002) [179] pretreated the sugarcane bagasse at 205.0 oC for 10.0 min, 
followed by enzymatic hydrolysis. Sulphur dioxide treated bagasse gave maximum yield of 
sugar 53.90 g/ liter which included xylose 16.20 g/100g dry bagasse and arabinose 1.30 g/100g, 
whereas sulphuric acid treated bagasse provided 35.90 and 42.30 g of glucose/ 100.0 g bagasse. 
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          Nakasaki and Adachi in 2003 [180] used simultaneous saccharification and fermentation 
process for conversion of cellulosic material into lactic acid by using lactic acid producing 
bacteria. Cellulose present in corn cob was hydrolyzed into glucose by cellulase enzymes 
before converting into lactic acid. The optimal reaction conditions found were temperature 40.0 
oC and pH 5.0. L-Lactic acid recovered from this process is 17.10 gL-1, on the basis of potential 
glucose at optimum temperature and pH. 
          Soderstorm et al., (2003) [181] used two step hydrolysis processes for maximum sugar 
and ethanol recovery. In first step dilute sulphuric acid was used for removal of hemicellulose 
at temperature 180oC, residence time 10.0 min and sulphuric acid concentration 0.5% while in 
second step severe conditions was obtained by increasing the temperature at 230 oC along with 
addition of SO2 (3.0%) which decreases the crystallinity of cellulose and enhances enzymatic 
digestibility. They got 71.0% hydrolysis yield from enzymatic hydrolysis after pretreatment of 
biomass at 220 oC for 5.0min. 
          In 2004, Varga et al., [182] comparatively studied the twelve different pretreatment 
conditions with different combinations of temperature, residence time and pH of reaction 
media. At optimal conditions (temperature 200 oC, time 5 min and 2.0% sulphuric acid, 73.0% 
enzymatic hydrolysis yield (theoretical) was obtained, which was four times higher as obtained 
from untreated corn stover.     
          Canettieri et al., (2007) [183] used response surface methodology for the optimization of 
acid hydrolysis of Eucalyptus grandis residue in 1.4L pilot scale reactor. The factors optimized 
during acid hydrolysis were sulphuric acid concentration, temperature of reaction (oC) and 
residence time (min). The amount of sugars obtained was 1.65 gL-1 glucose, 13.65 gL-1 xylose 
and 1.55 gL-1 arabinose along with 1.23 gL-1 of furfural at optimized levels which were 
sulphuric acid concentration 0.65%, temperature 157 oC and residence time 20min.   
          Silverstein et al., (2007) [184] used different pretreatment catalysts for maximum 
delignification and saccharification of cotton stalks. They used sulphuric acid, sodium 
hydroxide, hydrogen peroxide and ozone as pretreatment catalyst. They acquired sodium 
hydroxide as best performer with 65% delignification efficiency with 2.0% NaOH at 121 oC 
when treatment time was 90 min along with cellulose conversion of 60.8%.  Garcia-Cubero et 
 34 
 
al., (2009) pretreated the wheat straw with ozone at ambient temperature in fixed bed reactor. 
They employed that the ozonolysis of biomass credited 88.6% enzymatic hydrolysis yield 
which was higher as compared to untreated biomass (29.0%).  
          In 2009, Kootstra et al., [185a] pretreated the wheat straw with sulphuric acid, maleic 
acid and fumaric acid at different temperatures for maximum enzymatic hydrolysis yield. At 
150 oC, pretreatment with fumaric and maleic acid was more effective as compared to sulphuric 
acid because the production of less quantity of inhibitors and higher monomeric sugars during 
pretreatment and enzymatic hydrolysis 
          Soni et al., 2010 [186] comparatively pretreated the bagasse with different concentrations 
of sodium hydroxide and sulphuric acid at different temperatures (90 &121 oC) for different 
time (180 min & 15min). Sodium hydroxide (2.0%) credited higher glucose yield (323 mg/g of 
bagasse) at 121 oC and 175µl of ethanol while 1.0% sulphuric acid yielded 225mg of glucose.    
          Guo (2012) [187] used two stage acid-alkaline pretreatment processes for the hydrolysis 
of the Miscanthus. Pretreatment process was consisted of acid pretreatment in first step for 
hemicellulose removal and second step consisted of treatment with lime for lignin removal. 
Pretreatment conditions such as temperature, quantity of catalyst and residence time were 
optimized by using RMS. The optimized level of catalyst was 0.73% H2SO4, temperature 150 
oC and time 6 min in acid stage and 0.02 g/g dry biomass of lime for detoxification at 
temperature 202 oC.  He employed that there present not only greater yield of sugars but also 
less amount of toxic compounds.   
          Different biomass substrates have been pretreated with microwave irradiation technique 
such as sugarcane bagasse [188], switchgrass [189, 190], wheat straw [191,192], rice hulls 
[193] and woody materials [194]. Different workers (Harun et al., 2011; Blanch HW., 2011) 
[195, 196] also used sonication for pretreatment of water hyacinth, which disrupted the cell 
wall and exposed the cellulosic material more for hydrolysis and sugar production.                                                                        
Velmurugan & Muthukumar (2011; 2012a & b) [197, 197a &197b] used acid and alkali 
catalyzed ultra sound for pretreatment of bagasse for production of fermentable sugars and 
finally bioethanol. They used 2.0 - 2.9% caustic at temperature 55.0-60.0 oC for 20.0 & 
47.0min along with sonication and got 81.0% lignin and 91.0% of hemicellulose removal along 
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with 97.0% yield of reducing sugars. In acid catalyzed sonication approach, they got 75.0% of 
lignin removal and cellulose and hemicellulose recovery was 79.0% and 99.0%.     
2.4. Optimization of pretreatment factors through Response Surface Methodology (RSM) 
          The bioprocess technologies involve multiple factors which need to be optimizing 
simultaneously for the modification and optimization of the process along with maximum 
output. Response surface methodology can analysis many factors at a time with low number of 
experiments, thus saving time and cost, so it proved to be more result oriented and effective 
than other methods [198, 199]. The composition of fermentation media, conditions for enzyme 
production, production of reducing sugars and biodiesel was successfully optimized through 
Response Surface Methodology [200-207]. The main objective of RSM was the optimization of 
experimental response but later on it was extended to develop models also, for optimization of 
numerical experiments. When RSM was used for the optimization of response based on 
continuous array of values for different variables, then mathematically response expression is 
given as; 
                             1 2
y =  (x , x ) + ef
 
Where (y) is the response, depends on independent factors (x1 & x2) whereas “e” is the 
experimental error on response when all other variables remained unaltered in f. The 
appropriate approximation of ‘f ‘was done through small regions based on low order 
polynomial model which was considered as a starting point [208]. Two types of polynomial 
models (first order and second order) are well in use. Simple first order model (response 
expression below) was employed for the approximation of response based on linear function of 
independent factors. Where β0, β1, β2 represent the regression co-efficient.  
𝑌 = 𝛽0 + 𝛽1𝑋1 + 𝛽1𝑋2 + 𝑒 
           Response surfaces having considerable curvature in higher polynomial mode ls such as 
second order model were used for optimization purpose, having all terms of firm order along all 
quadratic and cross product terms as described by Montgomery and Douglas (2005)[208]. 
Mathematically, it expressed as: 
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𝑌 = 𝛽0 + 𝛽1𝑋1 + 𝛽1𝑋2 + 𝛽11𝑥1
2 + 𝛽22𝑋2
2 + 𝛽12𝑋1𝑋2 + 𝑒 
            Aswathy et al., 2010 [209] has used RSM for optimization of saccharification and 
fermentation process. Independent variables such as concentration of cellulase (X1), BGL (X2), 
and the surfactant (X3) were optimized for maximizing the amount of reducing sugars using a 
response surface Box-Behnken experimental design which includes seventeen runs in two 
blocks for experiment with five replicates of the midpoint. Aswathy established equation for 
three variable systems which was second order, where Y is the measured response (sugar yield): 
𝑌 = 𝛽1 + 𝛽1𝑋1 + 𝛽2𝑋2 + 𝛽3𝑋3 + 𝛽11𝑋12 + 𝛽22𝑋22 + 𝛽33𝑋32 + 𝛽12𝑋1𝑋2
+ 𝛽13𝑋1𝑋3 
         Design Expert software was used for coefficient determination and regression analysis. 
The effect of each variable and their linear, quadratic interaction effects were determined on the 
cellulase production. After this, numerical optimization was done for obtaining the maximum 
sugar yield by using Design expert (Stat ease Corp, USA). 
2.5 Fermentation of sugars from biomass into ethanol 
2.5.1 Bioconversion of hexose sugars into ethanol 
         It involves the biological conversion of fermentable sugars into ethanol and carbon 
dioxide by using different microorganisms such as different yeasts. Conversion of 
lignocellulosic biomass into ethanol was done through different processes but still it is difficult 
and costly [210]. The microorganisms used for ethanol production was yeast, in which 
Saccharomyces cerevisiae was a preferred one also used at commercial scale [211]. 
Saccharomyces cerevesiae can use simple hexose sugars such as glucose as well as 
disaccharide. It becomes more desirable microorganism in industrial fermentation processes for 
production of ethanol due to its robust genetic transformation system [212]. It shows strong 
resistance to the inhibitors and high quantity of ethanol present in fermentation media by 
consuming maximum substrate. During ethanol production the yeast uses glucose/xylose along 
with intra cellular energy transporter (ATP). One molecule of glucose breaks down into two 
molecules of pyruvate as glycolysis pathway (figure 11.1); 
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Figure 11.1: Production of ethanol [213] 
            The ionized carboxyl group present in pyruvate, detached as carbon dioxide results in 
production of acetaldehyde which accepts hydrogen ion for ethanol production. Unfortunately, 
there present a great challenge for S. cerevisiae to convert xylose into ethanol due to the 
absence of specific gene which assimilates it into ethanol [212]. There are three types of 
fermentation processes used commonly, named according to the sequence of steps used during 
hydrolysis and fermentation. These methods are; 
01-Separate hydrolysis and Fermentation (SHF) 
This process involves the separate hydrolysis and fermentation steps, in which 
hydrolysis and fermentation of the hexose sugars were done in separate tanks. SHF 
is little staggered process [115]. 
02-Simultaneous saccharification and fermentation (SSF) 
This process involves the combined hydrolysis and fermentation step, in which 
hydrolysis and fermentation of the hexose sugars were done in same tanks. The 
fermentation of glucose and xylose was done in separate tanks. This process was 
slight short as compared to SHF [210].   
03-Simultaneous saccharification and Co-fermentation (SSCF) 
This process involves the combined hydrolysis and fermentation step, in which 
hydrolysis and fermentation of the hexose & pentose sugars were done in the same 
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tanks. The fermentation of glucose and xylose was done in same reactor. This 
process was slight short as compared to SHF (115, 210).   
2.5.2 Bioconversion of sugars from biomass into lactic acid 
           The lactic acid can be produced from variety of substrates such as pure sugar i.e., 
glucose, sucrose, lactose or starch from potato, tapioca, barley, wheat and carrot or molasses 
and whey or lignocellulosic material such as sugarcane and cassava bagasse [214, 215] through 
fermentation process (figure 11.2). The success of the process depends on many factors 
including the cost of the raw material which is significant [216].  
  
Figure 11.2: Production of Lactate (Lactic acid). [213] 
             Its production from pure sugars is very expensive which lead to use of cheap raw 
material such as different food or agricultural residues, a promising approach for lactic acid 
production. Molasses, a rich reservoir of sucrose commonly used for lactic acid production also 
a less expensive substrate like starch [217]. But sugarcane bagasse [218, 219], cornstarch [220, 
221], cassava starch [222], barley starch [223], hydrolyzate obtained from lignocellulose 
/hemicellulose [224], beet molasses [225], molasses spent wash [226], corn fiber hydrolyzates 
[227], wheat bran [228] and cassava [219, 229] were promising raw materials for lactic acid. 
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2.6 Problem addressed and thesis objective 
2.6.1 Problem addressed 
            Bioconversion of lignocellulosic material into different chemicals especially bioethanol 
and lactic acid is a major milestone for economic benefit. This could be achieved only through 
hydrolysis of lignocellulosic material with maximum productivity of reducing sugars. 
Therefore, my thesis addresses a number of issues related to the improvement of hydrolysis 
yield encountered during bioconversion process which reduced the productivity of the process.  
01-Comparison of productivity of different substrates i.e., water hyacinth, corncob, bagasse, 
banana pseudostem and rice husk for the production of fermentable sugars. 
02-Comparison and effects of different catalysts such as sulphuric acid, hydrochloric acid, 
phosphoric acid, sodium hydroxide, sodium hydroxide catalyzed sodium sulfide and sodium 
sulfite on these biomass resources during pretreatment. 
03-Optimization of catalytic pretreatment methods for above substrates, using response surface 
methodology for maximum efficiency of enzymatic hydrolysis, from pretreated biomass when 
Accellerase 1500 was used as cellulase enzyme. 
04-Detoxification of the acid hydrolyzates obtained during pretreatment step from each 
substrate was done with Ca(OH)2 and charcoal, which used for bioethanol production with 
Pichia stipitis. 
05-Fermentation of the enzymatic hydrolyzate obtained from different substrates after each 
catalytic pretreatment, having maximum glucose was done for production of bioethanol and 
lactic acid by using baker’s yeast and Lactobacillus acidophilus respectively. 
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CHAPTER-3   
 
 Material and Method 
3.1 Chemicals  
St. No Chemical Company Remarks 
1 Sulphuric acid Local market(Lahore) Commercial 
2 Hydrochloric acid Local market(Lahore) Commercial 
3 Phosphoric acid Local market(Lahore) Commercial 
4 Maleic acid Local market(Lahore) Commercial 
5 Acetic acid Local market(Lahore) Commercial 
6 Sodium Hydroxide Local market(Lahore) Commercial 
7 Sodium Sulfide Local market(Lahore) Commercial 
8 Sodium sulfite Merck(Germany) Analytical grade 
9 Ammonia solution (10%) Local market(Lahore) Commercial 
10 D(+)-Glucose Panreac (France) Analytical grade 
11 D(+)-Xylose BDH (England) Analytical grade 
12 L-(+)-Arabinose Sigma Aldrich(Germany) Analytical grade 
13 Sucrose (Commercial) Local market(Lahore) Commercial 
14 α-naphthol Merck (Germany) Analytical grade 
15 Ethanol (Analytical Grade) Merck (Germany) Analytical grade 
16 L-Lactic acid Merck(Germany) Analytical grade 
17 3, 5-Dinitrosalicylic acid Fluka Chemie Analytical grade 
18 Phenol Fluka Chemie Analytical grade 
19 Sodium Potassium Tartrate Sigma Aldrich(Germany) Analytical grade 
20 Potassium dichromate Sigma Aldrich(Germany) Analytical grade 
21 Sodium meta bisulphate Sigma Aldrich(Germany) Analytical grade 
22 Calcium Hydroxide Sigma Aldrich(Hong Kong) Analytical grade 
23 Furfural Sigma Aldrich(China) Analytical grade 
24 5-hydroxy-methyl furfural Merck(Germany)  
25 Acetonitrile (Analytical grade) Sigma Aldrich (Germany) Analytical grade 
26 ACCELLERASE 1500 Genencor International Inc.  
27 OPTIMASH™ BG Genencor International Inc.  
28 Lactobacillus acidophilus ATCC 4356 Microbiologies, Inc USA  
29 Saccharomyces cerveasiae (commercial 
Baker’s yeast) 
Local market(Lahore) Rossmoor 
30 Pichia stipites NCYC, UK  
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3.2Biomass collection  
Water hyacinth with long stems was collected from a natural pond near Shahdhra, Lahore, 
Pakistan during December 2011. Corncob was collected from a local farmer from Kasur 
district, Punjab Pakistan. Bagasse was collected from Hunza Sugar Mill district Nankana Sahib. 
Banana stem was obtained from a local farm of Sangla Hill (district Nankana Sahib) and rice 
husk was acquired also from district Nankana Sahib.  
3.2.1Drying and milling of biomass 
The water hyacinth was thoroughly washed several times with tap water to remove any 
adhering dirt, chopped into small pieces (1-2 cm), and dried in a hot air oven at 105.0 °C for 
6.0 hour. Finally, the cleaned and dried water hyacinth was ground into powdered form. The 
dried powder material was reserved at ambient temperature (32+2 oC) for further work. After 
collection, other biomass was dried in sunlight for five days, cut into small pieces and ground 
by using pulverize equipped with 150 mesh steel sieves.  The dried powdered material was then 
stored at room temperature (32+2 oC) in polyethylene bags to avoid for moisture absorbance. 
3.2.2Characterization of biomass 
After obtaining biomass, its moisture content was determined as such and then after drying & 
grinding, other physical and chemical characterization was done through different methods as 
described below. 
3.2.3Determination of total solids and % moisture contents 
The amount of moisture was determined by heating the weighted (W) biomass sample at 105 oC 
to constant weight (W2) in a small dish (W1) using Moisture analyzer (Sartorius MA 30). 
Moisture is the amount of water and some volatile components evaporated at 105 oC from 
biomass sample. While the remaining solid present in biomass after moisture removal is the 
total solid. The total solid content is used to calculate the results on dry biomass basis. Equation 
1 and Equation 2 were used to calculate the moisture and total solid content (Ehrman 1994, 
method adopted by ASTM for moisture content calculation in biomass) [230].  
𝑇𝑆(%) =
(𝑊2 − 𝑊1)
𝑊
× 100                            𝐸𝑞. 1 
𝑀𝐶(%) = [1 −
(𝑊2 − 𝑊1)
𝑊
] × 100                   𝐸𝑞. 2 
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TS (%) = Total solid 
MC (%) = Moisture content 
W1 = Empty dish weight 
W2 = Dish weight after heating 
W = Weight of biomass 
3.2.4Chemical analysis of biomass 
           After drying and milling of each biomass sample, it was necessary to determine the 
components of the biomass such as extractives, lignin, hemicellulose and cellulose for proper 
evaluation and comparison of pretreatment effect. For extraction of extractives, different polar 
and non-polar solvents are in practice [231]. 
3.2.4.1Extractives 
           The amount of extractives was determined with acetone using Soxhlet apparatus. Two 
grams of dried biomass was used with 120.0 ml acetone for extraction at 90.0 oC for two hour. 
After extraction solvent was removed and the remaining residue was washed with water & 
dried at 105.0 oC. The weight difference before and after extraction is the amount of extractives 
[231, 232]. 
(% 𝐸𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑣𝑒𝑠) =
(𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑙𝑖𝑑 𝑝𝑙𝑢𝑠 𝑟𝑒𝑠𝑖𝑑𝑢𝑒 − 𝑇𝑎𝑟𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑙𝑖𝑑)
𝐷𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑏𝑖𝑜𝑚𝑎𝑠𝑠
× 100            𝐸𝑞. 
3.2.4.2Hemicellulose 
           The amount of hemicellulose was determined through NaOH digestion method. Ten 
milli- liter solution of NaOH (0.5 mol/L) was mixed with 1.0 g of extractive- free dried biomass 
in Erlenmeyer flask, and the temperature was retained at 80.0 oC for 3.5 hour. After that, the 
sample was washed with deionized water until pH value of the solution approached at 7.0 and 
then it was dried to a constant weight. The difference in sample weight before and after this 
treatment is the hemicellulose content [231, 233].  
3.2.4.3Lignin 
         The amount of lignin was determined through acid digestion process in which 30.0 ml of 
98.0% (wt.) sulfuric acid was added for each extractive-free dried biomass (1.0 g). The sample 
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was held at ambient temperature for 24.0 hour, and then it was boiled at 100.0 oC for 1.0 hour. 
The mixture was filtered and residue was washed until the sulfate ion in the filtrate was 
undetectable (via titration of a 10% barium chloride solution); it was then dried to a constant 
weight. The weight of residue was recorded as the lignin content [231, 233].  
3.2.4.4 Cellulose 
         The content of cellulose was calculated through weight difference as dete rmined by Blasi 
et al., 1999 and Li et al., 2004, assuming that extractives, hemicellulose, lignin, and cellulose 
are the only components of the entire biomass [231, 234]. 
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒(%) = [𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 − (𝑊1 + 𝑊2 + 𝑊3)]            𝐸𝑞.3 
[W1=Weight of extractives (%),   W2=Weight of hemicellulose (%), W3=Weight of lignin (%)] 
 
3.3 Pretreatment process   
3.3.1Pretreatment factors 
1. Catalyst and Catalyst concentration 
2. Time of Incubation 
3. Temperature of Incubation 
3.3.2Catalysts and their concentration 
                 Table 3.1: Catalyst and its concentration 
Sr. No Catalyst Lower Level 
(%) 
Higher Level 
(%) 
Acidic Pretreatment 
01 Sulphuric acid 1 3 
02 Hydrochloric acid 1 3 
03 Phosphoric acid 1 3 
04 Maleic acid 1 3 
Alkaline/Sulfite 
06 Sodium Hydroxide 1 3 
07 Sodium Sulfide 
(Sodium Hydroxide 0.5%) 
1 3 
08 Sodium sulfite 
(Sodium Hydroxide 0.5%) 
1 3 
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3.3.3Incubation time (h) and temperature (oC) 
         Three sets for each specified condition were prepared by adding 20.0 – 25.0g of dried 
biomass in Erlenmeyer flask. Each substrate (corncob, bagasse, water hyacinth, banana stem 
and rice husk) powder was mixed with predefined catalyst solution at 1 :10 (w/v) ratio, in 500 
ml flask separately. The flasks were autoclaved (CL-40L (ALP Co, Ltd. Tokyo Japan) at 
different temperatures (pressure; 0.13-0.2 MPa) for different time intervals as defined through 
RSM. The minimum and maximum level of each independent factor is given below (Table 
3.2). After incubation, solution in flasks was cooled and neutralized to pH 5.0 - 6.0 using 5.0% 
sulphuric acid solution where needed and filtered through Whatman filter paper 1. The residue 
was washed with distilled water for several times to remove excess alkali or acid and dissolved 
byproducts that might inhibit the enzyme in subsequent hydrolysis. The residue was dried at 
105.0 oC for 20.0 min. in hot air oven and weighed. The filtrate was detoxified and analyzed for 
reducing sugars. 
Table 3.2; Values of independent variable with coded levels during pretreatment steps. 
Factor Name Units       Type       Minimum 
Maximum 
               Coded 
A Catalyst 
Concentration 
(%) Numeric 1.00 3.00 -1.000=1.00 1.000=3.00 
B Time (h) Numeric 1.00 3.00 -1.000=1.00 1.000=3.00 
C Temp. (oC) Numeric 90.00 130.00 -1.000=90.00 1.000=130.00 
 
3.4 Optimization of pretreatment process   
           Response Surface Methodology (CCD) was employed for optimization of pretreatment 
process when different biomass feedstock was used with different catalysts during 
pretreatment. The catalyst concentration (X1 : %), time (X2: hr) and temperature (X3 : oC) were 
used as independent variable and enzymatic hydrolysis yield obtained from treated biomass 
substrate was chosen as dependent variable. The design matrix with eighteen experimental runs 
(table 3.3 showing the reaction conditions for each catalyst) in two blocks was used which have 
four replicates of the midpoint. Coded values of independent variable along with their 
minimum and maximum values are shown in table 3.2. The model, used to enhance the 
response was a second-order polynomial with following equation; 
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𝑌 = 𝛽0 + ∑ 𝛽𝑖𝑋𝑖
𝑛
𝑖=1
+ ∑ 𝛽𝑖𝑖𝑋𝑖
2
𝑛
𝑖=1
+ ∑ ∑ 𝛽𝑖𝑗
𝑛
𝑗=1
𝑛
𝑖=1
𝑋𝑖𝑋𝑗  … … … … … 
Where Y is the measured response (Hydrolysis yield): 𝛽o the regression coefficient, and X1-X3 
are the independent factors (coded) under study. Regression analysis and estimation of the 
coefficient were performed using Design Expert Software 8.1.07. 
Table 3.3: Experimental runs for each catalyst 
Run Catalyst 
Concentration 
(%) 
Time 
(Hr) 
Temperature 
(oC) 
Hydrolysis Yield(%) 
1 1.00 2.00 110.00  
2 2.00 2.00 110.00  
3 3.00 3.00 130.00  
4 1.00 1.00 130.00  
5 1.00 3.00 90.00  
6 2.00 2.00 110.00  
7 1.00 1.00 90.00  
8 3.00 3.00 90.00  
9 2.00 2.00 90.00  
10 2.00 0.50 110.00  
11 2.00 2.00 110.00  
12 3.00 2.00 110.00  
13 1.00 3.00 130.00  
14 3.00 1.00 90.00  
15 3.00 1.00 130.00  
16 2.00 2.00 110.00  
17 2.00 2.00 120.00  
18 2.00 3.00 110.00  
 
3.5. Detoxification of acid hydrolyzate obtained from pretreatment step 
3.5.1 Detoxification with Ca(OH)2    
             Detoxification of acid hydrolyzate was done by using Martinez et al., (2001) [177] 
method with slight modifications. Took 100.0 ml acid hydrolyzate in a flask, heated it at 100.0 
oC for 15 min to remove volatile components produced during pretreatment. After that any loss 
in volume was adjusted with distilled water. Adjusted temperature at 60.0 oC and then added 
Ca(OH)2 in the hydrolyzate to pH 7.0. The pH of the hydrolyzate was kept at lower side to save 
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sugar degradations as depicted by Ge et al., (2011) [235]. After overliming with Ca(OH)2, 
centrifuged the hydrolyzate and adjusted the pH 5.0 with sodium sulfite. Filter the hydrolyzate 
for removal of insoluble material. The filtrate was concentrated by evaporating the solution 
under vacuum at 60.0 oC to get 4.0-5.0% sugar concentration  
2.5.2Detoxification with Ca(OH)2 and activated charcoal 
             For complete removal of toxic compounds, i.e. phenolics, furfural and hydroxymethyl 
furfural from acid hydrolyzate, an additional treatment was done by using activated charcoal. 
Dry and powdered charcoal 1.0% (w/v) was mixed with hydrolyzate contained Ca(OH)2, at 
40.0 oC with stirring (100rpm). After 30 min, filtered the solution containing charcoal and 
Ca(OH)2; evaporated it under vacuum to concentrate it (4.0-5.0% sugar solution).  
3.6 Enzymatic hydrolysis of pretreated material 
            The dried solid residue obtained after pretreatment was used as substrate in enzymatic 
hydrolysis. Accellerase 1500 has multiple enzyme activities and is effective for cellulose, 
hemicellulose and ß-glucans. OPTIMASH™ BG is a mixture of Xylanase and ß-Glucanase 
which was used together with ACCELLERASE 1500 to enhance enzymatic hydrolysis 
efficiency of hemicellulose. The enzymatic hydrolysis was carried out in 250.0 ml Erlenmeyer 
flask. Accellerase 1500, 0.20 ml/g dry weight of biomass and 0.05-0.10ml/g Optimash BG 
were used for hydrolysis of lignocellulosic mass. Five grams of pretreated dry mass of each 
substrate was added in each flask separately. The pH of the reaction mixture was set at 4.80 by 
adding 50.0 ml of 0.10M acetate buffer solution. The flasks were kept in orbital shaker 
(C24KC; Refrigerated incubator shaker, Edison NJ, USA) for 48.0 hours at 50.0 oC with 160 
rpm. After regular time intervals, samples were taken from each flask and kept in boiling water 
to inactivate the enzyme. Each sample was filtered through Whatman filter paper and 
subsequently analyzed for reducing sugars. Each experiment was performed in duplicate. 
3.6.1Effect of enzyme concentration on the hydrolysis yield 
             The effect of enzyme dose was studied by adding different enzyme concentration in the 
fixed amount of biomass substrate. Water hyacinth, corncob and bagasse biomass, treated with 
sulphuric acid at 121.0 oC for 1.0 hour, was used in this study. Six experimental sets were made 
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by adding 2.50 g oven dried biomass in different flasks separately and then added 25.00 ml of 
buffer solution (0.10M acetate) in each flask, sterilized it for 15 min in an autoclave at 121.0 
oC, afterwards, 0.10, 0.20, 0.30, 0.40, 0.50, 0.60 ml of Accellerase 1500 per gram of biomass 
was added. One flask was set as a control for this reaction which has all components except 
enzyme dose. All these flasks were kept in orbital shaker at 50.0 oC and 120 rpm for 72.0 hour.  
3.6.2Effect of substrate concentration on the hydrolysis yield 
              Water hyacinth and corncob biomass, treated with sulphuric acid (1.0%), was used in 
this study. The effect of substrate concentration was studied by adding different quantity of 
biomass in separate flasks along with buffer solution. Nine experimental sets were made by 
adding 05.0, 10.0, 20.0, 30.0, 40.0, 50.0, 75.0, 100.0 and 125.0 gL-1 oven dried biomass in 
different flasks separately. Buffer solution (0.10M acetate) was added in each flask separately 
with 1:10 (w/v) ratio; sterilized it for 15min in autoclave at 121.0 oC, afterwards, 0.50 ml of 
Accellrase 1500 was added. All these flasks were kept in orbital shaker at 50.0 oC and 120 rpm 
for 48.0 hr.  
3.7Standardization of reducing sugars in enzymatic hydrolyzate for fermentation  
           The sugar content in the hydrolyzate after enzymatic hydrolysis was standardized by 
concentrating and diluting the hydrolyzate. The sugar content was adjusted at 40.0 gL-1 in 
hydrolyzate before fermentation in order to produce ethanol and lactic acid.  
3.8Fermentation of hydrolyzates  
3.8.1 Fermentation of reducing sugars from detoxified acid hydrolyzate into ethanol  
             Acid hydrolyzate has both C-5 and C-6 sugars which could be used for fermentation 
into ethanol. For this purpose, we used yeast strain of Pichia stipitis, which was stored at 4.0 
oC on agar slant having xylose 20.0 gL-1; yeast extract 3.0 gL-1; Malt extract 3.0 gL-1; peptone 
5.0 gL-1; agar 20.0 gL-1. The culture media containing (gL-1) D-xylose 50.0; yeast extract 3.0; 
malt extract 3.0; peptone 5.0; glucose 5.0 used for inoculum preparation. Erlenmeyer flask 
(250 ml) having 50.0 ml of culture media was autoclaved and then inoculated from fresh agar 
slant in sterile conditions which was then incubated at 30.0 oC for 20.0 hr. The process was 
 48 
 
repeated with same composition and incubation time. Then inoculum media was used for the 
fermentation of hydrolyzate in 1:10 inoculum to solution ratio. The hydrolyzate was 
supplemented with yeast extract 1.0 gL-1, (NH4)2SO4 :1.0 gL-1; MgSO4.7H2O: 0.25 gL-1 and 
(NH4)2HPO4: 2.0 gL-1 before fermentation. The flasks were cotton plugged and autoclaved at 
121.0 oC in autoclave. The incubation temperature was set at 30.0 oC with 120rpm in orbital 
shaker (C24KC; Refrigerated incubator shaker, Edison NJ, USA). 
3.8.2 Fermentation of reducing sugars from enzymatic hydrolyzate into ethanol  
             Saccharomyces cerevisiae (commercial Baker’s yeast) was purchased from local 
market which is commonly used in distilleries for ethanol production. Inoculum was prepared 
by transferring some cells into 250.0 ml flask containing 50.0 ml of culture medium containing 
10.0 gL-1 yeast extract, 20.0 gL-1 peptone, and 20.0 gL-1 glucose and was subsequently 
incubated at 30.0 oC for 24.0 hr. Cellulosic hydrolyzate, obtained from enzymatic hydrolysis of 
different feedstock, was supplemented with 1.0 gL-1 yeast extract, 2.0 gL-1 (NH4)2SO4 and 1.0 
gL-1 of MgSO4.7H2O. The flasks were cotton plugged and autoclaved at 121oC in autoclave. 
The inoculum-to-solution ratio of 1:10 was used for fermentation purposes. Samples, for 
glucose and ethanol analysis, were taken at the beginning and end of a 24 hour fermentation 
process.  
3.8.3 Fermentation of reducing sugars from enzymatic hydrolyzate into lactic acid 
             Lactobacillus acidophilus, a homofermentative, lactic acid producing bacteria [236] 
was used for the production of lactic acid from enzymatic hydrolyzate. Inoculum was prepared 
by transferring a loop of cells into 100.0 ml flask containing 50.0 ml of culture medium 
containing 10.0 gL-1 yeast extract, 2.0 gL-1 (NH4)2HPO4, 0.1 gL-1 MnSO4 and 30.0 gL-1 glucose 
and was subsequently incubated at 37.0 oC for 12.0 hours (Young et al., 2006). After two 
consecutive transfers to fresh medium, sample from mixture was used to inoculate the 
fermentation medium. Cellulosic hydrolyzate, obtained from enzymatic hydrolysis of each 
pretreated sample, supplemented with 10.0 gL-1 yeast extract, 2.0 gL-1 (NH4)2HPO4, 0.1 gL-1 
MnSO4 was used for fermentation. The inoculum to solution ratio of 1:20 was used for 
fermentation purposes. Samples, for glucose and lactic acid analysis, were taken at specific 
intervals during 72.0 hours fermentation process.  
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3.9Preparation of solution 
3.9.1Mobile phase for TLC  
           Mobile phase used in thin layered chromatography for monomeric sugar identification 
consists of water; acetonitrile in 85:15% ratio.  
3.9.2Preparation of locating agent for TLC 
           Dissolved 0.50 g α-naphthol in 95.0 ml ethanol (95%), after this added 5.0 ml 
concentration sulphuric acid mixed well until a clear solution is obtained. 
3.9.3Preparation of DNS Solution 
           Dissolved sodium hydroxide and DNS in distilled water and warmed at 80.0 oC until a 
clear solution was obtained, then added remaining chemicals by mixing at room temperature 
given in table 3.4. The prepared reagent solution was stored in glass bottle covered with 
aluminium foil in dark cabinet for protection against direct light. 
 
Table 3.4: Chemical composition of DNS reagent 
Sr# Chemical Quantity 
1 Distilled water 1.41 liter 
2 3,5-dinitrosalicylic acid 10.40 g 
3 Phenol 7.50 g 
4 Sodium meta bisulphate 8.30 g 
5 Sodium hydroxide 19.50 g 
6  Potassium sodium tartrate 306.00 g 
                   Total Volume 1.80 Liter 
 
3.9.4Preparation of citrate phosphate buffer 
            Prepared 0.1 M solution of di-potassium hydrogen phosphate by dissolving 17.50 g of 
K2HPO4 in distilled water and made final volume 1000.0 ml. Separately, dissolved 21.00 g of 
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citric acid in distilled water and made the final volume 1000.0 ml; this is 0.1M citrate solution. 
Make the buffer solution of pH 4.8 by adding citrate solution (0.1M) in already prepared 
phosphate solution drop wise with continuous monitoring pH of the solution. 
3.9.5Preparation of mobile phase for lactic acid determination through HPLC 
            Elution was carried out with the help of 0.01M phosphoric acid having pH 2.5 with 
flow rate of 1.0 ml/min at room temperature. 
3.9.6Preparation of acidic potassium dichromate solution 
            Acidic solution of dichromate ion (0.1M Cr2O7-2 in 5.0M H2SO4) was prepared by 
dissolving 7.50 g potassium dichromate in dilute sulfuric acid. After obtaining clear solution, 
volume was adjusted to 250.0 ml with distilled water. 
3.10 Analysis of hydrolyzate and fermented media  
3.10.1Quantification of reducing sugars through dinitrosalicylic acid (DNS) method 
3.10.1.1Sample preparation 
              Two ml of supernatant from enzymatic hydrolyzate was collected after specified time, 
inactivated the enzyme and centrifuged it at 2000 rpm for 5.0 min.  After centrifugation, clear 
sample was filtered using the membrane filter (Sartorius SM 11606). Same procedure was 
repeated for hydrolyzate obtained during pretreatment after detoxification. One ml of this clear 
sugar was used directly for sugar analysis after dilution. 
3.10.1.2Quantification of reducing sugars through Spectrophotometer 
              Reducing sugars produced during hydrolysis were quantified by using Ghose (1987) 
DNS method [237]. It is easy, quick, reproducible and extensively used to quantify the 
reducing sugars in solutions by using the spectroscopy. The monitoring of many reactions was 
done through this method in this work. 3, 5-dinitrosalicylic acid (DNS) reacts with sugar 
molecule to form a colored complex which gives color intensity according to the sugar 
concentration. One ml of clear solution reacts with the equal volume of the DNS reagent. The 
mixture solution was kept in hot water at 80.0 oC for 5.0 min, dark brown color was obtained, 
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intensity of which was measured at λ=546 nm with double beam spectrophotometer (Cecil-
7200). Reducing sugar concentration was calculated by using the equation, obtained from the 
trend line of the calibration curve and multiplying it with dilution factor and absorbance for 
each sample. 
                        Reducing Sugar Concentration[g L⁄ ] =
Absorbance ×Dilution Factor + 0.115
0.4273
    
R2=0.999 
               Calibration curve was obtained from the known concentration of the D-glucose and 
their absorbance at 546 nm. Solution concentration ranges from 0.10, 0.20, 0.30, 0.40, 0.50, 
0.60, 0.70, 0.80, 0.90 and 1.0mg mL-1 and were analyzed in triplicate following the method 
described for sample.  
3.10.1.3Stock solution for standard curve 
             Stock solution was prepared by dissolving 0.1g D-glucose in 100.0ml distilled water. 
After this, solutions of different concentrations were made by dilution method i.e.,  0.10, 0.20, 
0.30, 0.40, 0.50, 0.60, 0.70, 0.80, 0.90 and 1.0 mg mL-1. Took 1.0ml, standard sugar solution of 
each in a test tube and added 1.0ml DNS reagent separately. Each test tube was kept in bo iling 
water for 5min for color development, then cooled down the temperature of each test tube with 
ice cooled water immediately and recorded the absorbance of each at 546nm. The concentration 
of each glucose solution (mg ml-1) was plotted against respective absorbance to make the 
standard curve as shown in figure 13(appendix-I). 
3.10.1.4Calculation of sugar yield % (conversion of cellulose) 
             Sugar yield was calculated on pretreated solid biomass used for enzymatic hydrolysis 
by using the following equation used by Dedsuksophon et al., 2010 [238]. 
Sugar Yield (%) = [
reducing sugar concentrationobtained during hydrolysis
grams of biomass feedstock
] × 100 
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3.10.1.5Identification of monosaccharide content 
            Identification of monosaccharide contents in pretreated, enzymatic hydrolyzate and in 
fermentation media was determined with the help of thin layer chromatography (TLC) by using 
the method of Hyeon et al., (2009) [239]. The mobile phase for TLC analysis consist of 
acetonitrile solution (acetonitrile: water, 85:15 V/V), using a 20×20 cm Kieselgel 60F 254 
(Merck) as a TLC plate, and visualization of band was done with the help of α-naphthol 
solution. The plates were soaked in 0.5% α-naphthol and 5.0% H2SO4 in ethanol and then dried 
in oven at 80.0 oC for 5 min.  
3.10.2Quantification of ethanol  
3.10.2.1Through GC-MS method 
             Quantification of the ethanol in fermentation media was done with gas chromatograph–
mass spectrometer and potassium dichromate method as well. Both methods were outlined 
below. 
3.10.2.2Sample preparation 
             Two ml of supernatant from fermentation media was collected after specified time, 
centrifuged at 2000 rpm for 10.0min.  After centrifugation, clear sample was filtered using the 
membrane filter (Sartorius SM 11606). The filtrate was used directly for GC and HPLC 
analysis after specific dilution. 
3.10.2.3GC-MS analysis conditions 
             The gas chromatograph – mass spectrometer (GCMS-QP2010, Shimadzu) was used for 
quantification of ethanol in fermentation media. GC-MS equipped with fused silica DB-5 
capillary column having diameter 0.25 mm, length 30.0 m and film thickness 0.25 µm. 
Nitrogen was used as a carrier gas with flow rate of 1.41 ml/min. Temperature was 
programmed as: maintained temperature at 40.0 °C for 1min, increased at 44.0 °C with 
15.0 °C/min, rose with 1.0 °C/min up to 50.0 °C and then continuously increased to 250.0 °C 
with rate of 25.0 °C/min, finally stayed at 250.0 °C for 2.0 min and ion source temperature was 
200.0 °C. Injection volume was 2.0µL and data was obtained in a scan mode in the mass range 
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of 30-120 m/z. Fragment ions, 31.0 m/z and 45.0m/z were used for identification and 
quantification of ethanol respectively.  
3.10.2.4Calibration curve 
              Calibration curve was obtained from 0.10, 0.20, 0.30 up to 1.0 % v/v ethanol in HPLC 
grade water and their peak areas. From this, concentration of ethanol (v/v) in sample was 
determined which was converted to w/v by multiplying it with 0.79 (specific gravity of ethanol 
at 20.0 °C).  
3.10.2.5Quantification of ethanol through potassium dichromate method   
              Quantity of ethanol in fermentation media was also determined by dichromate method 
with the help of spectrophotometer method used by Pilone (1985) and Mukhopadhyay and Jee 
(2010) [240, 241]. After centrifuging the ethanol solution obtained from fermentation media, 
300.0µl was transferred into small plastic cups which were placed into 3.0 ml acidic dichromate 
solution in a beaker, tightly covered with parafilm and stored at ambient temperature  for half 
hr. After half hour a greenish color was developed, its intensity was measured at λ=590 nm 
with double beam spectrophotometer (Cecil 7200). Quantity of the ethanol was calculated from 
standard curve.  
3.10.2.6Standard curve 
               Calibration curve was plotted between different concentrations of ethanol ranging 
from 50 micro liters to 500 micro liters of ethanol against their absorbance. The absorbance of 
each standard solution was measured by taking 300.0µl solution of each, in separate small cups, 
which were placed in acidic dichromate solution for half an hour as mentioned above for color 
development. After this, absorbance was observed at 590 nm with double beam 
spectrophotometer (Cecil 7200) for each solution.  
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3.10.3Quantification of lactic acid  
3.10.3.1Sample preparation 
               Two ml of supernatant from fermentation medium was collected after specified time, 
centrifuged at 2000rpm for 5.0min.  After centrifugation, clear sample was filtered using the 
membrane filter (Sartorius SM 11606). Then filtrate was used directly for hplc analysis. 
3.10.3.2HPLC analysis 
               Lactic acid was quantified with the help of HPLC (LC- 20AT, Shimadzu) method 
used by Bai et al., (2000) [242]. Reverse phase SMA-C18 column with size 4.6×250mm of 
SMT, coupled with a UV variable wavelength detector (SPD-M20A, Shimadzu) at 210 nm was 
employed. Elution was carried out with the help of 0.01M phosphoric acid having pH 2.5 with 
flow rate of 1.0 ml/min at room temperature. Concentration of lactic acid in each sample was 
determined from the calibration curve obtained between lactic acid concentration and their peak 
areas.  
3.10.3.3Standard curve 
               Calibration curve was obtained between different concentrations of lactic acid ranging 
from 25ppm to 500ppm (50ppm interval) and their peak area for determination of concentration 
of lactic acid in fermentation media. The peak area of each standard solution was measured by 
injecting 20.0µl solution of each as mentioned above in HPLC analysis.  
3.10.4Quantification of furfural and 5-Hydroxy methyl furfural 
              The amount of furfural and 5-Hydroxymethyl furfural was determined with the help of 
HPLC (LC- 20AT, Shimadzu) method used by Makawi et al., 2009 [243]. Reverse phase 
SMA-C18 column with size 4.6×250mm of SMT was used for separation of furfural and 5-
hydroxy furfural.  SPD-M20A, Shimadzu, a UV variable wavelength detector was used and set 
at 285 nm. Mobile phase consists of 5% (W/V) solution of acetic acid in water, methanol 
mixture (80:20). Flow rate was adjusted at 1.0 ml/min at 25.0 oC. Concentration of both 
components in each sample was determined from the calibration curve obtained between the 
concentration of each furfural and 5-hydroxy furfural and their peak areas. 
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3.10.4.1Standard curve 
                Calibration curve was obtained between different concentration of furfural and 5-
hydroxy furfural ranging from 25 to 500 ppm (50 ppm interval) and their peak areas for 
determination of their concentration in acidic hydrolyzate. The peak area of each standard 
solution was measured by injecting 20.0 µl solution of each as mentioned above in hplc 
analysis. 
3.11 Statistical Analysis 
All statistical analysis such as regression analysis and estimation of coefficient 
(coefficient of variance (CV), determination coefficients (R2 & R2 Adj) and Adeq precision for 
all models) were performed using Design Expert Software 8.1.07. The quality of the model 
fitted is done by the application of analysis of variance (ANOVA) which gives the comparison 
in variation due to treatment with the variance due to random error.  
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3.12Protocol Outlined 
 
 
  
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure12a: Flow diagram of the process when acid was used as a catalyst (dotted      ) and when alkali 
used (filled color       ), solid line represent common path.        
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CHAPTER-4 
 
Results and Discussion 
4.1Biomass characterization 
4.1.1 Water hyacinth 
                  The chemical composition of Eichhornia crassipes (Water hyacinth) used in this 
study is determined and summarized in table 4.1 along with results obtained from different 
studies for comparison. Fresh plant body has 92.0 – 95.0% moisture content [244], which was 
dried prior to other assays. Water hyacinth has 17% extractives such as salts, fats, waxes, fatty 
acids, alcohols, and resin which were greater than other biomass sources used in present study. 
Gunnarsson & Petersen (2007) [46] reported 16.25% protein, as dry mass of plant body. The 
amount of cellulose obtained was exactly corresponded to the quantity obtained by other 
workers  (Nigam (2002); Chanakya et al.,  (1993); Patel et al.,  (1993); Sornvoraweat et al., 
(2010); Magdum et al.,  (2012) [244-248] while Abraham & Kurup (1996) and Bolenz et al.,  
(1990) [51, 249] got higher amount of cellulose (table 4.1). The quantity of hemicellulose 
(42.29%) is higher as compared to cellulose which is 20.37% of the dry weight of plant mass. 
Nigam (2002) and Magdum et al., (2012) [244, 248] obtained higher amount of hemicellulose 
(48.0%), while Abraham & Kurup (1996); Sornvoraweat et al., (2010); Bolenz et al., (1990) 
[51, 247 & 249] obtained less amount (~18-35%). In some cases, amount of hemicellulose 
reached up to 55.0% of TS% (Klass and Ghosh, 1981) [250] which is a rare case among the 
plant biomass composition. The lignin content determined was well agreed to the findings of 
Nigam, (2002); Magdum et al., (2012) [244, 248]. The plant body of water hyacinth was soft 
due to less amount of lignin (4.0%) as compared to other land plants which have 15.0-30.0% 
lignin. The lignin acts as a binding polymer holding the microfibrils of hemicellulose, cellulose 
and protects them against degradation. Lignin degradation is a high energy process during 
pretreatment. In water hyacinth biomass, less quantity of lignin is favorable for the conversion 
of cellulose and hemicellulose into fermentable sugars resulting in saving considerable amount 
of energy used during lignin degradation in biofuel industry. Water hyacinth also have 
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considerable amount of protein which could be a source of nitrogen during bioconversion 
process.  
Table4.1: Chemical composition of water hyacinth 
Sr. 
No. 
Moisture 
Content 
Cellulose 
(Dry solid %) 
Hemicellulos
e 
Lignin Extractives
/Protein* 
Reference 
1 88.0 31.0 22.0 7.0  Bolenz et al., (1990) 
2 93.0 18.0 33.39 26.36  Chanakya et al.,(1993) 
3 92.5-95.0 18.2+0.012 48.70+0.027 3.5+0.004 13.30* Nigam (2002)  
4  35.02+0.77 18.32+0.38 4.60+0.11 11.23 Abraham & Kurup (1996) 
5  25.61 35.12 9.93 16.25* Gunnarsson & Petersen et 
al., (2007) 
6  17.8 43.4 7.8 11.9 Patel et al., (1993) 
7 92.0-94.0 19.02 32.69 4.37 10.20* Sornvoraweat et al., 
(2010) 
8 92.8-95.0 18.2 48.7 3.5 13.3 Magdum et al., (2012) 
9 93.96+1.53 20.37+0.94 42.29+1.38 4.23+0.38 17.59+0.82 This study 
 
4.1.2 Corncob  
                    Chemical composition (lignin, hemicellulose and cellulose) of corncob showed great 
potential as a renewable resource for production of value-added chemicals [64]. The amount of 
different components such as lignin, hemicellulose and cellulose in corncob were analyzed and 
the results are summarized in Table 4.2. Corncob is composed of 38.98% cellulose, 43.42% 
hemicelluloses and 13.56% lignin. The content of glucan (corresponding to cellulose) is same as 
determined by Sirikarn et al., (2012) [65] and higher as determined by Zhang et al., (2011) [251] 
through two stage 
Table 4.2: Chemical composition of corncobs 
Sr.  
No 
Cellulose 
(Dry solid %) 
Hemicellulose Lignin Extractives Reference 
1 41.27 46.00 7.40             Srikarn et al., (2012) 
2 31.8+0.8 34.7+1.1 27.9+0.9  Denise  et al., (2008) 
3 22.27 28.30 28.6 19.63 Zhang et al., (2011) 
4 50.5 31 15.0 3.5 Demirbas (2005) [253] 
5 30-40 35-40 10-20  Mosier et al., (2005) [114]  
6 50.5 31.0 15.0 3.5 Demirbas (2004)[253] 
7 45 35 15  Sun & Cheng (2002) [60] 
8 33.7 31.9 6.1  Nigam et al., (2009) [254] 
9 38.98+1.05 43.42+1.45 13.56+0.73 6.98+0.57 This study 
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hydrolysis of cellulosic content. Denise et al., (2008) [252] obtained 31.8% cellulose and 34.7%  
hemicellulose along with 27.9% of lignin through Zhang’s method (2011) [251]. Similarly, the 
amount of xylan (measured as xylose equivalent, which forms the main polymer backbone) is 
equal to the results of Sirikarn et al., 2012 [65] and greater than the results of Zhang et al., 
(2011) and Denise et al., (2008) [251, 252].  As can be seen from Table 4.2, xylan and xylan 
substituents (hemicelluloses) accounted jointly for 34.7% of corn cobs (dry basis).  
4.1.3 Bagasse 
                 Bagasse is considered to be a potential source for production of reducing sugars 
which could be converted into different chemicals and energy after bioprocessing through 
different steps [255]. The chemical composition of bagasse is shown below (Table 4.3). 
Bagasse has more quantity of cellulose as compared to hemicellulose and lignin. A composition 
of 41.29% dry weight of bagasse is cellulose which followed 33.18% of hemicellulose and 
18.30% lignin. The amount of extractives is low 7.65%. These results are harmonized well with 
the data reported by other investigators {Nigam et al., (2009); Brienzo et al., (2009); Pitarelo et 
al., (2007)} [254, 256, 257]. Its composition varies slightly due to difference in variety 
(species). Hemicellulose has been commonly observed in the range of 23.0 to 33.0% {Nigam et 
al., (2009); Brienzo et al., (2009); Pitarelo et al., (2007)} [254, 256, 257], although higher 
values like 36.0% have also been reported {Sasaki et al., (2003); Cordova et al.,(1998)} [258 & 
259]. 
 Table 4.3: Chemical composition of bagasse 
Sr. 
No 
Cellulose 
(Dry solid 
%) 
Hemicellulose Lignin Extractives Reference 
1 43.6 33.8 18.1  Sun et al., (2004) 
2 41.1  22.2 31.4 6.8 Pitarelo, (2007)  
3 38.8 26.0 32.2*  da Silva et al., (2010) [260] 
4 45.0 25.8 19.1 9.1 Canilha et al., (2011)[261] 
5 45.5 27.0 21.1 4.6 Rocha et al., (2011)[262] 
6 42.4 25.2 19.6  Brienzo et al., (2009) 
7 38.4 23.2 25.0  Robelo et al., (2011) 
8 40.0 27.0 10.0  Nigam et al., (2009) [254]  
9 41.29+1.41 33.18+1.03 18.30+0.78 7.65+0.61 This study 
*Lignin and others 
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It has higher lignin content 10-25% which makes it a hard substrate. Composition-wise, 
average ash contents of 2.4% are attractive when employing bioconversion methods using 
microbial intervention [263].   
4.1.4 Banana pseudo stem 
                The chemical composition of banana pseudo stem obtained from our study contains 
cellulose 43.58%, hemicellulose 17.29%, lignin 13.73% and extractives 20.88%. The 
composition of the banana pseudo- stem was varies greatly as shown in table 4.4. The amount 
of cellulose is in the range of results obtained by Aziz et al., (2011); Li et al., (2010) [264, 265] 
and less obtained by Romero-Anaya et al., (2011); Khalil et al., (2006) [266, 267] whose have 
obtained >50% of cellulose (DM). Similarly, the amount of hemicellulose/holocellulose is 
different. Li et al., (2010) and Khalil et al., (2006) [265, 267] obtained higher amount (65.0%) 
of hemicellulose in banana stem, while Romero-Anaya et al., (2011) [266] determined its 
quantity only 9.9%. Previous literature has revealed that banana pseudo stem is rich in cellulose 
content and as well in monosaccharide sugar (glucose) which was in the range of 34.0 – 63.9% 
and 40.0 – 74.0% on dry solid basis respectively [265, 267]. The major difference is due to 
outer bark and inner core of stem. The extractivies percentage, present in banana stem was 
higher (~20%) which is due to the presence of soluble free sugars (sucrose), also detected in 
TLC analysis (figure 14.6). According to Li et al., (2010) [265] the inner core of stem has 
fibers with pipe like nature for transportation of water and no elementary fiber bundles are 
present. While Pacheco et al., (2011) and Morphapltra et al.,(2010) [268, 269] showed that the 
inner core of stem is rich in polysaccharides along with very less quantity of lignin. 
Table 4.4: Chemical composition of banana pseudo stem 
Sr.  
No 
Cellulose 
(Dry solid %) 
Hemicellulose/ 
Holocellulose* 
Lignin Extractives Reference 
1 39.1 72.2 8.9  Li et al., (2010) 
2 34-40 60-65* 12  Mohapatra et al., (2010) 
3 42.1 18.6 5.1  Aziz et al., (2011) 
4 52.3 9.9 11.2  Romero-Anaya et al., 
(2011) 
5 63.9 65.2* 18.6  Khalil et al., (2006) 
6 55.5 - 22.3  Rosal et al., (2012) 
[270] 
7 43.58+0.91 17.29+2.43 13.73+0.76 18.73+0.85 This study 
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The amount of lignin content presented here was differs greatly in range from 5.0 – 22.0% on 
dry solid basis (Table 4.4) which may be due to species difference. This makes the banana stem 
an attractive substrate for production of fermentable sugars and ultimately the production of 
ethanol and lactic acid etc. 
4.1.5 Rice husk 
               Rice husk, like other agricultural materials is quite fibrous and has varying amounts of 
cellulose, hemicellulose and lignin. The amount of cellulose obtained is 33.58+0.94% which is 
equal to the findings of Iyenagbe et al., (2012) [271]. Blasi et al., (1999) [231] has obtained 
28.6% cellulose which is less as compared to findings of others. The amount of hemicellulose 
obtained by Blasi et al.,  (1999) is higher as compared to our result which is equal to Iyenagbe 
et al., (2012) [271]. The main components of rice husk are cellulose (25.0 to 35.0%), 
hemicelluloses (18.0 to 21.0%), lignin (26.0 to 31.0%), silica (15.0 to 17.0%), soluble (2.0 to 
5.0%), and moisture content 7.5% (Gerardi et al., 1998; Leiva et al., 2007; Stefani et al., 2005) 
[272-273, 106]. Some of these ingredients can be recovered for further applications by properly 
combining chemical and thermal treatments.  
Figure 4.5: Composition of rice husk 
Sr. 
No 
Cellulose 
(Dry solid %) 
Hemicellulose Lignin Extractives/ 
Silica* 
Reference 
1 28.6 28.6 24.4 18.4 Blasi et al., (1999) 
2 25-35 18-21 26-31 15-17* Girardi et al., (1998) [272] 
3 25-35 18-21 26-31 15-17* Leiva et al., (2007) [273] 
4 25-35 18-21 26-31 15-17* Mansaray & Ghaly (1998) 
[274] 
5 25-35 18-21 26-31 15-17* Stefani et al., (2005) [105] 
6 35.0 25.0 20.0 17* Iyenagbe et al., (2012) [271] 
7 33.58+0.94 24.20+1.05 20.23+0.74 20.88+0.57 This study 
 
4.2Effect of pretreatment on different feedstock 
              Substrate characteristics such as particle size, surface area, crystallinity, degree of 
polymerization, lignin content and its distribution have played a key role in determining both 
the rate and efficiency of hydrolysis [130]. The surface area, crystallinity and composition of 
the lignocellulosic substrate vary, depending on the catalyst and conditions used for 
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pretreatment along with nature of the original feedstock. Pretreatment has flagrant effect on the 
substrate properties by changing the chemical composition, crystallinity, size of the particle, 
removing the lignin and hemicellulose.  
4.2.1 Effect of different acids on the biomass weight loss during pretreatment (lignin & 
hemicellulose removal) 
          The effect of acids on the biomass weight loss, due to hydrolysis of hemicellulose, 
removal of lignin and extractives was determined (figure 14.1). The amount of cellulosic 
residue, after pretreatment of water hyacinth is found to be different at varying conditions. At 
higher temperature and longer time, maximum hydrolysis of the hemicellulose is observed in 
pretreatment step which results in decreasing the remaining polysaccharides or biomass. At low 
temperature, the solid residue left for hydrolysis showed higher hemicellulose content while at 
elevated temperature maximum hemicellulose was depicted to be hydrolyzed into component 
sugars. The digestion of amorphous hemicellulose during dilute acid (mineral or organic) 
pretreatment is predictable and has been reported earlier by several authors while examining  
 
Figure 14.1: Amount of biomass residue obtained after pretreatment of water hyacinth with different 
catalysts at different conditions during experimental run (SA: sulphuric acid; PA: phosphoric acid; MA: 
maleic acid; HA: hydrochloric acid, Na2S: sodium sulfide; Na2SO3: sodium sulfite; NaOH: sodium 
hydroxide) 
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the hemicellulose hydrolysis of corn stover and wheat straw (Kootstra et al., 2009; Lu and 
Mosier, 2007; Kabel et al., 2007) [185a, 275-276]. The hydrolysis of hemicellulose ensued 
through rupturing of the glycosidic bonds by acidic proton and subsequent addition of water 
molecule. Every glycosidic bond is not affected by dilute acid pretreatment in hemicellulose 
especially in cellulose molecule due to highly ordered structure of cellulose which resulted in 
production of some oligosaccharides. Therefore, there exists some hemicellulose and maximum 
cellulose in the biomass after pretreatment with acids. It is clear that mineral acids (sulphuric 
acid & hydrochloric acid) showed more decrease in mass of water hyacinth ranging from 
22.0% to 65.0% at temperature range from 90.0 to 130.0 oC respectively in pretreatment step, 
while organic acids showed 5.0% to 8.0% less decrease in mass. The pretreatment of water 
hyacinth at 90.0 oC with maleic acid, sulphuric acid, phosphoric acid and hydrochloric acid 
showed 81.82, 79.95, 76.45 and 75.63% cellulosic residue respectively. Due to low lignin and 
high hemicellulose content of water hyacinth, reduction in weight is greater during 
pretreatment step as compared to other biomass sources. The amount of biomass residue 
obtained after pretreatment of corncob with different acids is revealed in figure 14.2.  
 
Figure 14.2: Amount of biomass residue obtained after pretreatment of corncob with different catalysts 
at different conditions during experimental run (SA: sulphuric acid; PA: phosphoric acid; MA: maleic 
acid; HA: hydrochloric acid, Na2S: Sodium sulfide; Na2SO3: Sodium sulfite; NaOH: Sodium hydroxide) 
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The pretreatment of corncob at 90.0 oC with maleic acid, sulphuric acid, phosphoric acid and 
hydrochloric acid showed 82.63, 80.34, 78.51 and 76.68% cellulosic residue respectively. 
When pretreatment temperature was low (90.0 oC), the amount of solid residue obtained after 
pretreatment was at higher and at higher temperature (130.0 oC) it is low for all acids. When 
pretreatment is done at 130.0 oC, maximum hydrolysis of hemicellulose occurs,  which result in 
more reduction of biomass weight. Maleic acid showed 56.0% reduction in corncob weight, 
phosphoric acid 53.0%, sulphuric acid 57.0% and hydrochloric acid 59.0% during pretreatment 
at 130.0 oC. The range of loss is from 18.0% to 59.0% corresponding to 90.0 oC and 130.0 oC 
respectively in pretreatment step. Wang et al., (2011) [277] obtained 50.0 - 60.0% solid 
recovery during pretreatment of corncob by using 0.7% sulphuric acid at 190.0 oC for 30 min. 
Generally, the solid residue decreases with the increase in severity of the pretreatment 
conditions. The cellulosic residues acquired after pretreatment of bagasse with different acids is 
summarized in figure 14.3.  
               
Figure 14.3: Amount of biomass residue obtained after pretreatment of bagasse with different catalysts 
at different conditions during experimental runs (SA: sulphuric acid; PA: phosphoric acid; MA: maleic 
acid; HA: hydrochloric acid, Na2S: sodium sulfide; Na2SO3: sodium sulfite; NaOH: sodium hydroxide) 
During acidic pretreatment at low temperature, less hydrolysis of hemicellulose occurs while at 
higher temperature maximum hydrolysis obtained which resulted in more weight loss. When 
pretreatment of bagasse was done at 90.0 oC with maleic, sulphuric, phosphoric and 
hydrochloric acid, 78.95, 73.72, 76.61 and 74.76% cellulosic residue obtained respectively. 
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While at higher temperature (130.0 oC), reduction of mass is also higher due to severity of the 
pretreatment conditions. Hydrochloric acid showed ~56.34, maleic acid 53.54%, phosphoric 
acid ~54.44%, sulphuric acid 60.96% reduction in mass during pretreatment at 130.0 oC. 
Previously, 47.7% reduction in weight was observed when pretreatment of bagasse was ensured 
at 121.0 oC for 3.0h, which was due to removal of lignin [278]. Hydrolysis of hemicellulose 
and lignin removal during pretreatment with phosphoric and maleic acid is same, while 
sulphuric acid revealed more catalytic severity. The amount of biomass residues obtained after 
pretreatment of banana stem with different acids were briefed in figure 14.4. At low 
temperature, the solid residue left is higher and at higher temperature, its amount is low for all 
acids.  Pretreatment of banana stem at 90 oC with maleic acid, sulphuric acid, phosphoric acid 
and hydrochloric acid showed 77.81, 74.43, 76.45 and 77.34% cellulosic residue respectively. 
While at higher temperature (130.0 oC) reduction of mass was high (~61.72%) with 
hydrochloric acid, ~59.81% with maleic acid, ~56.4% with phosphoric acid and 59.35% with 
sulphuric acid. Mineral and organic acids show almost similar trend in reduction of biomass in 
case of banana stem. The range of loss is from 18.0% to 56.0% when temperature increased 
from 90.0 oC to 130.0 oC, respectively in pretreatment steps.  
 
Figure 14.4: Amount of biomass residue obtained after pretreatment of banana stem with different 
catalyst at different conditions during experimental run (SA: sulphuric acid; PA: phosphoric acid; MA: 
maleic acid; HA: hydrochloric acid, Na2S: sodium sulfide; Na2SO3: sodium sulfite; NaOH: sodium 
hydroxide) 
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Figure 14.5 shows the amount of biomass residue obtained after pretreatment of rice husk at 
different conditions. The quantities of cellulosic residue obtained after pretreatment of rice 
husk at 90.0 oC with maleic acid, sulphuric acid, phosphoric acid and hydrochloric acid are 
85.83, 82.43, 78.52 and 79.49%, respectively. At higher temperature (130.0 oC), reduction of 
mass is less as compared to other biomass sources due to less hemicellulose, higher lignin 
content and presence of silica. Hydrochloric acid showed 50.02% reduction, maleic acid 
~52.79%, phosphoric and sulphuric acid 56.0%.  
 
Figure 14.5: Amount of biomass residue obtained after pretreatment of rice husk with different catalysts 
at different conditions during experimental run (SA: sulphuric acid; PA: phosphoric acid; MA: maleic 
acid; HA: hydrochloric acid, Na2S: sodium sulfide; Na2SO3: sodium sulfite; NaOH: sodium hydroxide) 
  
4.2.2Effect of alkali, sulfite and sulfide on the biomass weight loss (lignin & hemicellulose 
removal) 
               Alkaline treatments, ozonolysis, peroxide and organosolv are some of the methods 
usually employed for lignin removal from lignocellulose biomass. Such methods are effective 
for lignin solubilization but in most of them, part of hemicellulose is also hydrolyzed. Alkali 
treatment refers to the application of alkaline solution such as NaOH, Ca(OH)2 or ammonia. 
Among these, treatment with NaOH is ideally used for delignification of agricultural residues 
[279]. This treatment causes swelling of biomass structure that increases the internal surface 
area, a decrease in degree of polymerization and crystallinity, separation of structural linkages 
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between lignin and carbohydrates with disruption of lignin structure [120]. Isogai and Atalla 
(1998) [280] suggested that dissolution of lignin, hemicellulose and cellulose in aqueous 
sodium hydroxide greatly depends on the extent of crystallinity and molecular weight of the 
structure. Wang et al., 2008 [24] used hydrogen peroxide and sodium hydroxide for 
pretreatment of tobacco stem. They found that hydrogen peroxide decreases the crystallinity of 
cellulose through swelling and also dissolves the cellulose while sodium hydroxide penetrates 
into polymer chain of cellulose and dissolves the hemicellulose and lignin regions. As a 
consequence lignin being separated in the form of a liquor rich in phenolic compounds that 
represents the process effluent [281 & 282]. The inconvenient of this technique is that it also 
degrades the part of hemicellulose which reduces the cellulosic material. The hemicellulose 
degradation results in xylose production which is converted into formic and levulinic acid with 
intermediate formation of reactive enol as described by Jonsson et al., (2013) [283] also 
confirmed through the absence of sugars in TLC images. The degradation of xylose with alkali 
during pretreatment is also confirmed through TLC analysis, obtained from pretreated 
hydrolyzate (figure 14.6 & 15.2). The biomass weight loss accounted for removal of lignin, 
extractives and hydrolysis of hemicellulose. The order of decreasing the biomass weight during 
pretreatment step was water hyacinth> bagasse> corncob> rice husk. More weight loss is 
observed with Na2S as compared to Na2SO3. 
 
Figure14.6: Effect of pretreatment on monomeric sugars in different hydrolyzates (CC: corncob, WH: 
water hyacinth, BS: banana stem, BG: bagasse, RH: rice husk (A) Pretreated at 130.0 oC for 3.0h with 
sodium sulfide(S1), sodium sulfite (S2) [Su: Sucrose, G: glucose, Ar: arabinose, X:xylose] 
    Su      G      Ar       X      S1       S2        S1       S2       S1      S2        S1       S2       S1      S2 
                                                 CC                  WH                BG                  RH               BS 
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Water hyacinth showed 26.32 – 65.73% weight loss while corncob and bagasse showed 20.21 – 
60.38% decrease in weight. Less lignin content of water hyacinth and more hemicellulose 
hydrolysis, results in more weight loss during pretreatment. In the presence of NaOH, sulfite 
ions formed lignosulfonates (lignin derivative), which dissolved the lignin at elevated 
temperature [30], resulting in decrease of biomass weight. Minute quantity of sucrose is present 
in pretreated hydrolyzate of bagasse; banana stem and rice husk (fig. 14.6). 
4.3Amount and type of reducing sugars in acid pretreated hydrolyzate  
              Different acids were prospective catalysts used for pretreatment of biomass; 
breakdown the heterocyclic bonds between monomeric sugars present in polymeric chains of 
hemicellulose and cellulose [59, 164, 174, 284] which results in monomer sugars such as 
glucose, xylose and arabinose [79]. It causes varying amount of reducing sugars through 
saccharification of hemicellulose or cellulose depending on the reaction conditions, i.e., 
temperature, time, concentration and type of catalyst (figure 15.1). Sulphuric acid with 1.0% 
concentration produced 33.35 gL-1 of reducing sugars at 130.0 oC when water hyacinth is 
treated for one hour. Phosphoric acid with 3.0% acid concentration produced 35.21 gL-1 of 
sugar at same temperature and time. Maleic acid produces 36.72 gL-1 of reducing sugar when 
1.0% acid was used at 130.0 oC for one hour. Amount of reducing sugar is less with short 
incubation time at low temperature and high at peak temperatures and vice versa during 
pretreatment [65]. Pretreatment of biomass with acids, solubilized the hemicellulose portion 
preferably; minute quantity of it remained as such in biomass residue which results in the 
presence of xylose during enzymatic step. Quantity of reducing sugars at higher temperature 
and longer time is less due to degradation of xylose and arabinose into furfural [115a, 285].  
Amount of furfural depends on the type of acid, its concentration and incubation temperature 
[286], also showed in table 4.18. Higher amount of reducing sugars in acid pre-hydrolyzate of 
maleic acid and phosphoric acid correspond to the non-degrading nature of these acids as 
compared to sulphuric acid [185a]. Nigam (2002) [244] studied the effect of time on 
pretreatment of water hyacinth, in presence of 1.0% (v/v) sulphuric acid and described that 
85.0% reducing sugars were released in first four hour and no increase in sugar amount was 
observed by increasing the time. The catalytic effectiveness of acids is in the order of sulphuric 
acid> phosphoric acid> hydrochloric acid> maleic acid. Two types of sugar monomers are 
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present in hydrolyzate obtained during acidic pretreatment i.e., C-6 and C-5 sugars. C-6 sugars 
contains glucose while C-5 sugars contains arabinose and xylose, latter was in large quantity 
(244 & 287a).  The amount of C-5 or C-6 sugars in acidic hydrolyzate depends mainly on the 
chemical composition of substrate used for hydrolysis.  
  
Figuer15.1: Amount of reducing sugars obtained from acid pretreated hydrolyzate from water hyacinth 
during experimental run (SA: sulphuric acid; PA: phosphoric acid; MA: maleic acid; HA: hydrochloric 
acid) 
 
 
Figure15.2a: Effect of pretreatment on monomeric sugars in different hydrolyzates (BS: banana stem, 
BG: bagasse, RH: rice husk (a) Pretreated at 130.0 oC for 3.0h with different concentration (1:1.0%, 
2:2.0%, 3:3.0%) of sulphuric acid (b) Hydrolyzate of water hyacinth(WH) [G: glucose,  Ar: arabinose,  
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X: xylose, F: furfural, sulphuric acid SA: sulphuric acid, PA: phosphoric acid, MA: maleic acid, W: 
water] 
Water hyacinth, banana pseudo-stem and rice husk acid hydrolyzate has C-6 (glucose) sugars 
as major component while bagasse and corncob has C-5 (xylose) sugars as key component in 
acidic hydrolyzate (15.2a). Water hyacinth has less amount of lignin and more hemicellulose 
which results in more hydrolysis of hemicellulose during pretreatment and more conversion of 
the resulting sugars into furfural and 5-hydroxy furfural (table 4.18). Pretreatment of corncob 
with acids credited xylose as major component in hydrolyzate at different temperatures and 
residence time (figure 15.2b).  Highest yield of total sugars (40.65 gL-1) is acquired from the 
hydrolyzate obtained during pretreatment of corncob (figure 15.3) with hydrochloric acid 
followed by phosphoric acid (39.65 gL-1) with 1.0% concentration and 3.0 hr residence time. 
Hydrochloric acid and phosphoric acid credited higher amount of reducing sugars during 
solubilization of corncob while sulphuric acid and maleic acid produced its less amount (~38.2 
gL-1). During pretreatment, not all of the hemicellulose was hydrolyzed into monomeric sugars; 
some remained in the form of insoluble hemicellulose and others as oligomers [288, 292]. At 
low pretreatment temperature (90.0 oC), hydrochloric acid, maleic acid, phosphoric acid and 
sulphuric acid provided 21.17, 19.41, 20.17 and 18.41 gL-1 of reducing sugars respectively 
from corncob due to partial solubilization of hemicellulose. These acids provided 32.0-34.0 gL-
1 of reducing sugars at 130.0 oC with 3.0% concentration which is less as compared to 1.0% 
acid concentration, because of the degradation of monomer sugars.  
 
Figure15.2b: Type of monomer sugars in corncob hydrolyzate (A) Pretreated at 130.0 oC for 3.0 hr, (B) 
Pretreated at 130.0 oC for 0.5 hr [G: glucose, A: arabinose, X: xylose, S: sulphuric acid, H: hydrochloric 
acid, P: phosphoric acid, M: maleic acid, A: acetic acid, NH3: ammonia, Na: NaOH, W: water] 
 G  Ar X  S   P  M   H  A   Na NH3 W    G   Ar  X      S    P   M   H   A   Na NH3 W 
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Satimanont et al., (2012) [65] obtained 13.6 gL-1 of sugars when pretreatment was done with 
1.75% phosphoric acid  at 140.0 oC for 10min. Higher amount of reducing sugars is obtained 
from the corncob (39.21 gL-1) during pretreatment as compared to water hyacinth (36.72 gL-1). 
In usual practice higher temperature and longer time of pretreatment, hydrolyzed more 
hemicellulose and hence more reducing sugars [293]. Severity of the pretreatment conditions 
converts these sugars into different degrading products such as furfural, 5-hydroxyfurfural, 
levulinic acid, acetic acid and formic acid in a serial mode. Glucose (C-6 sugar) converted into 
5-hydroxyfurfural while xylose and arabinose (C-5 sugars) decomposed into furfural [287a]. In 
some experiments also checked the effect of ammonia (base) for pretreatment of biomass. It 
was revealed that sodium hydroxide and ammonia hydrolyzed the hemicellulose and 
subsequently degraded the xylose and glucose in pretreatment step. Curreli et al., 1997 [292] 
provided a two-step pretreatment method which saved five carbon sugars from degradation and 
efficient removal of waxes, silica and cutins. In first step mild alkaline/oxidative treatment at 
temperature 25.0-40.0 oC was used with low concentration of alkali (1.0%) for 24.0 hr which 
solubilized the hemicellulose. In second step 1.0% NaOH and 0.3% hydrogen peroxide were 
used for the removal of lignin from biomass. Hydrolyzate obtained as a result of ammonia and 
sodium hydroxide pretreatment of corncob, showed no reducing sugars (figure 15.2b), while 
reduction in mass was occurred due to hydrolysis of hemicellulose and removal of lignin. Less 
degradation of glucose is occurred, when treatment is done for short time (0.5h) as compared to 
longer time (figure 15.2b). The comparative amount of reducing sugars acquired from the acid 
pretreatment of bagasse is summarized in table 15.4 and type of monomer sugars is indicated in 
figure 15.2c, which shows that quantity of sugars is greatly affected with the type of acid and 
pretreatment conditions as well. At higher temperature (130.0 oC) and low concentration 
(1.0%) of hydrochloric acid, amount of sugars is 39.54 gL-1 and 27.78 gL-1, when duration of 
pretreatment was 3.0 hr and 1.0 hr respectively; while at lower temperature (90.0 oC) 22.38 and 
13.81 gL-1 of sugar was obtained. At high concentration of hydrochloric acid, (3.0%) 33.11 gL-
1 of reducing sugars was obtained at 130.0 oC with 3.0 hr residence time and 36.06 gL-1 with 
1.0 hr. At 90.0 oC with 3.0% concentration of hydrochloric acid, 19.24 and 26.38 gL-1 of 
reducing sugars are obtained from the hydrolysis of hemicellulose present in bagasse, when 
residence time was 1.0 hr and 3.0 hr respectively. Sulphuric acid pretreatment exposed same 
trend as hydrochloric acid provided 38.71 gL-1 of reducing sugars at 130.0 oC. At higher 
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temperature (130.0 oC) and low concentration (1.0%) of maleic acid, amount of sugars was 
36.89 and 31.54 gL-1 when duration of time was 3.0 hr and 1.0 hr respectively, while at low 
temperature 16.64 and 15.38 gL-1 of sugar was attained. At higher percentage of maleic acid 
(3.0%), 35.13 gL-1 of reducing sugars was obtained at 130.0 oC with 3.0 hr residence time and 
30.26 gL-1, when incubation is done for 1.0 hr. At 90 oC with 3.0% concentration of maleic 
acid, 23.13 and 27.37 gL-1 of reducing sugars were obtained during bagasse pretreatment when 
residence time was 1.0 and 3.0 hr respectively.  
 
Figure 15.2c: Effect of hydrochloric acid and NaOH pretreatment on type of monomeric sugars obtained 
during pretreatment of bagasse (G; glucose, X: xylose, Ar: arabinose, Suc.: sucrose) 
Phosphoric acid credited higher amount of reducing sugars (36.21 gL-1) at 3.0% acid 
concentration when pretreatment was done at 130.0 oC for 1.0 hr and 33.02 gL-1 is obtained 
with 1.0% concentration at these conditions which is higher as compared to the results of 
Gameze et al., (2004) [295], who used 6.0% phosphoric acid at 100.0 oC for hydrolysis of 
sugarcane bagasse and got 21.4 gL-1 fermentable sugars with less than 4.0 gL-1 inhibitors. The 
amount of reducing sugars obtained from the pretreatment of banana stem is presented below 
(table 15.5). TLC image (figure 15.2d) shows that acidic hydrolyzate contains C-5 and C-6 
sugars (glucose, xylose and arabinose) as well. Figure 15.5 reveals that when pretreatment was 
done at two different temperatures with different concentration of sulphur ic acid (1.0% - 3.0%), 
varying quantity of C-5 and C-6 sugars along with minute quantity of sucrose and different 
level of degradation products from glucose and xylose are obtained. At 110.0 oC, pretreatment 
   G     X     Ar     Suc.     1        2         3        1        2        3       
   HCl                         NaOH 
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with acids provided glucose as major component (figure 15.2d: A) while an increase in 
temperature at 130.0 oC hydrolysis of hemicellulose became significant which credited more 
xylose in hydrolyzate (figure 15.2d: A). At 130.0 oC, prominent quantity of furfural was 
observed which is obtained from the hydrolysis of hemicellulose at sever conditions due to less 
quantity of lignin [264, 269].   
    
 
Figure15.2d: Type of monomeric sugars in hydrolyzate of banana pseudo stem (A) Pretreated at 110.0 
oC for 3.0h, (B) Pretreated at 130.0 oC for  3.0 hr [G: glucose, A: arabinose, X: xylose, F: furfural, 
S:sulphuric acid (1:1%,2:2%,3:3%),  Na: NaOH, Na1: sodium  sulfide, Na2.: sodium  sulfite, W:water]  
                             
Figure15.3: Amount of reducing sugars obtained from acid pretreated hydrolyzate from corncob during 
experimental run (SA: sulphuric acid; PA: phosphoric acid; MA: maleic acid; HA: hydrochloric acid) 
Sulphuric acid credited higher amount of reducing sugars (33.76 gL-1), when pretreatment is 
performed at 130.0 oC for 1.0 hr with 3.0% concentration and 31.01 gL-1 with 1.0% 
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concentration At 130.0 oC and 1.0% concentration of phosphoric acid, amount of sugars is 
38.65 and 37.01 gL-1 when pretreatment is executed for 3.0 hr and 1.0 hr respectively, while at 
90.0 oC, 34.01 and 21.17 gL-1 of sugar is obtained. At higher concentration of phosphoric acid  
 
Figure15.4: Amount of reducing sugars obtained from acid pretreated hydrolyzate from bagasse during 
experimental run (SA: sulphuric acid; PA: phosphoric acid; MA: maleic acid; HA: hydrochloric acid) 
 
 
Figuer15.5: Amount of reducing sugars obtained from acid pretreated hydrolyzate from banana stem 
during experimental run (SA: sulphuric acid; PA: phosphoric acid; MA: maleic acid; HA: hydrochloric 
acid) 
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(3.0%), 34.34 gL-1 of reducing sugars was obtained at 130.0 oC with 3.0 hr residence time and 
35.21 gL-1 of monomeric sugar is acquired with 1.0h residence time. At 90.0 oC with 3.0% 
concentration of the hydrochloric acid, 29.01 and 32.90 gL-1 of the reducing sugar was obtained 
from the hydrolysis of the hemicellulose present in the banana when residence time was 1.0 hr 
and 3.0 hr respectively. Higher yield of reducing sugars (38.71 gL-1) with hydrochloric acid 
was obtained at 130.0 oC when pretreatment was done for  3.0 hr with 1.0% concentration At 
3.0% concentration it produces 37.01 gL-1 of sugar during pretreatment at 130.0 oC. At high 
temperature (130.0 oC) and low concentration of maleic acid (1.0%), amount of sugars obtained 
was 36.72 and 30.61 gL-1 when time duration was 3.0 and1.0 hr, respectively, while at low 
temperature 23.01 and 20.73gL-1 of sugar was obtained. At high concentration of maleic acid 
(3.0%), the quantity of monomer sugar is 29.23 gL-1, when pretreatment is done at 130.0 oC for  
3.0 hr and 32.32 gL-1 with  1.0 hr. At 90.0 oC with 3.0% concentration of maleic acid, 25.23 
and 26.07 gL-1 of reducing sugars are obtained during banana stem treatment when residence 
time is 1.0 and 3.0 hr respectively. Amount of reducing sugars obtained from the rice husk 
during acidic treatment is shown in the figure (15.6). Highest level of sugars (32.89 gL-1) is 
obtained from 3.0% phosphoric acid at 130.0 oC, followed by hydrochloric acid treatment  
 
Figuer15.6: Amount of reducing sugars obtained from acid pretreated hydrolyzate from rice husk during 
experimental run (SA: sulphuric acid; PA: phosphoric acid; MA: maleic acid; HA: hydrochloric acid) 
which provided 32.61 gL-1 of sugars with 3.0% concentration at same temperature. At higher 
temperature (130.0 oC) and low concentration (1.0%) of phosphoric acid, amount of reducing 
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sugars is 32.09 and 29.65 gL-1 when residence time was 3.0 and 1.0 hr respectively, while at 
low temperature 26.05 and 21.17 gL-1 of sugar was obtained. At higher concentration of 
hydrochloric acid (3.0%), 32.61 gL-1 of reducing sugars is obtained at 130.0 oC with 3.0 hr 
residence time and 32.51 gL-1 when pretreatment was done for 1.0 hr. At 90.0 oC with 3.0% 
concentration of hydrochloric acid, 24.12 and 25.51 gL-1 of reducing sugars are obtained from 
the rice husk hydrolyzate when residence time was 1.0 and 3.0 hr respectively. At low 
concentration (1.0%) of maleic acid and higher temperature (130.0 oC), the amount of sugar is 
30.61 and 31.72 gL-1 when duration of time was  3.0 and  1.0 hr respectively, while at 90.0 oC, 
22.73 and 20.38 gL-1 of sugar are obtained. At higher concentration of maleic acid (3.0%), 
35.13 gL-1 of reducing sugar was obtained at 130.0 oC with  3.0 hr residence time and 30.26 gL-
1 with 1.0 hr residence time. At 90.0 oC with 3.0% concentration of the maleic acid, 23.13 and 
27.37 gL-1 of reducing sugars are obtained during bagasse treatment when residence time was 
1.0 and 3.0 hr respectively. Sulphuric acid credits higher amount of reducing sugars (31.05 gL-
1) with 2.0% concentration, when pretreatment was done at 120.0 oC for 2.0 hr and 30.17 gL-1 
with 3.0% concentration at 130.0 oC when pretreatment was done for 1.0 hr. Rice husk 
provides lower amount of reducing sugars as compared to all other substrates with all acids 
during pretreatment due to higher lignin and ash content. 
4.4 Enzymatic hydrolysis of pretreated biomass 
              Enzymatic hydrolysis is the process in which cellulose polymer breaks down into 
small fragments and ultimately into reducing sugars in the presence of cellulase enzyme. Sun 
and Cheng (2002) [60] studied the enzymatic hydrolysis process and demonstrated that there 
are three main factors which maximize the hydrolysis of lignocellulosic material. So it is 
significant to investigate these factors deeply for obtaining the maximum hydrolysis yield with 
cellulase enzyme. These are as follows; 
4.4.1 Maximum concentration of substrate used for hydrolysis 
               The maximum yield of the ethanol/lactic acid mainly depends on the amount of 
reducing sugars present in the fermentation media, obtained from the enzymatic hydrolysis of 
the cellulose. The initial rate of enzymatic hydrolysis depends on the substrate concentration 
[60] during production of sugar. For maximum yield of ethanol, high concentration of substrate 
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during hydrolysis is essential to minimize the process cost [17]. At certain limit, higher 
substrate concentration will be affective for enzyme action but higher at that limit end-product 
will become significant and reaction kinetic affect negatively [296]. The effect of biomass 
concentration was investigated as the function of cellulose digestion yield and hence amount of 
reducing sugars by using varying amount of pretreated biomass (water hyacinth and corncob) 
with fixed amount of enzyme (0.5ml enzyme). With the increase in substrate concentration, 
amount of reducing sugars increases while the hydrolysis yield decreases showing an opposite 
variation trend as exhibited in figure 16. At low substrate concentration 5.0 gL-1, the hydrolysis 
yield is maximum corresponding to 96.43% which decreases to 39.36% (p value<0.0001 & R2 : 
0.9909), when amount of pretreated biomass is increased to 125.0 gL-1. It was observed that 
with the increase in substrate amount, the solid to liquid ratio changes which decreased the 
quantity of free water. At 5.0 to 50.0 gL-1 of substrate, the amount of water is sufficient for 
suspension of solid substrate while at higher dose; free water is not available which decreases 
the interaction of enzyme to substrate causing, a cluster of cellulosic mass.  
  
Figure 16: Effect of substrate concentration on the enzymatic hydrolysis at fixed volume of enzyme 
(Accellerase 1500: 0.5ml). Cellulosic mass obtained from acid pretreated (1.0% sulphuric acid at 121.0 
oC for 1.0h) water hyacinth (a) & corncob (b). Reaction conditions were 5.0% cellulose loading, pH 4.8 
and temperature 50.0 oC. 
This causes less hydrolysis yield [297], resulting in reduced level of glucose due to mass 
transfer limitations and high insoluble solid material which leads to non-productive adsorption 
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of enzymes [298, 299]. The process with high initial substrate concentration faces problem of 
product inhibition [300] such as cellobiose, a potential inhibitor for the action of exoglucanases 
[301] and high viscosity of the hydrolyzate which creates mixing issues, not good for 
enzymatic hydrolysis [302]. To overcome inhibition due to cellobiose during enzymatic 
hydrolysis, extra β-glucosidase is added in commercial enzymes. For maximum interaction of 
the enzyme with substrate, effective stirring is required which reduce the viscosity of the 
reaction matrix and facilitate the mass transfer but this cause the increased power consumption 
[300]. Effect of substrate on the amount of reducing sugars and hydrolysis yield was 
significant. Optimum biomass concentration is determined from the amount of reducing sugars 
and hydrolysis yield. At 40.0 gL-1 solid substrate, the hydrolysis yield is 74.23% which 
decreases to 70.8% when substrate amount increases to 50.0 gL-1 and 58.0% with 75.0 gL-1 
substrate used. So fifty grams per liter substrate is applicable for enzymatic hydrolysis. Ouyang 
et el., (2009) [303] obtained maximum saccharification efficiency (90.0%) with 3.0% substrate 
(corncob) loading and described that if substrate concentration increases from 3.0% to 10.0%, 
hydrolysis yield decreases and reached at 40.0%.   
4.4.3 Minimization of enzyme inhibitors during hydrolysis 
              Alternative hydrolysis methods such as simultaneous saccharification and fermentation 
(SSF), SSCF, CBP or use of membrane reactors or ultrafiltration membranes are more affective 
to overcome feedback inhibitions. Exoglucanases become attached with the cellulase chain 
unproductively during hydrolysis [304] which reduced the enzyme action. To overcome this 
binding, use of surfactant (non-ionic) is fruitful [60] which alters the cellulose surface 
properties. Use of hemicellulases and cellulobiase along with cellulase is more important to 
overcome the inhibition of cellulase action as they function synergetically for the production of 
monomeric sugars. 
4.4.4 Minimum concentration of enzyme for hydrolysis 
             The effect of enzyme concentration was studied by using different concentration of 
Accellerase 1500 cellulase enzyme. Six different doses of enzyme were used separately for 
fixed amount of substrate (1.0g) for evaluation of its effect. The effect of cellulase enzyme on 
three different substrates is presented in figure below. When 0.1mL of cellulose enzyme was 
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used for hydrolysis of 1.0g of acid treated bagasse, water hyacinth and corncob, the cellulose 
conversion efficiency obtained is 57.0, 58.0, 62.0% whereas with an increase in enzyme at 0.2 
mL/g of substrate, the efficiency is 77.0, 79.0, 82.0% respectively. To increase the yield and 
rate of hydrolysis, higher dose of cellulase enzyme is favorable but it increases the cost of the 
process significantly [60]. When enzyme dose was increased further at 0.3 mL and higher up to 
0.6 mL, there is slight increase (~3.0%) in the enzymatic digestibility first and then no increase 
was observed. 0.2 mL/g of cellulose is the optimum dose of enzyme used for optimization 
process throughout the study. With an increase in enzyme dose, the amount of reducing sugars 
increases because the extent of substrate inhibition greatly depends on the ratio of substrate to 
enzyme concentration [305]. Moreover, the amount of enzyme greatly depends on the structural 
features of the substrate obtained after pretreatment at different conditions. This amount of 
enzyme corresponds to the limiting enzyme concentration, is less for substrate which had good 
pretreatment efficiency [306, 307].  To decrease the cost of the process, it is essential to use 
cellulase enzyme at minimum dose which will produce reasonable amount of the monomer 
sugars. Sassner et al., (2008) and Lynd et al., (2008) [308, 309] analyzed the cost of the process  
 
Figure 17: Effect of enzyme (Accellerase 1500) loading on the conversion of cellulose obtained from 
acid pretreated (1.0% Sulphuric acid at 121.0 oC for 1.0 hr) water hyacinth, corncob and bagasse. 
Reaction conditions were 5.0% cellulose loading, pH 4.8 and temperature 50.0 oC. 
and described that cellulase enzyme contributes 20.0 – 25.0% of total cost of ethanol process. 
Cost of the process is also reduced through use of cheaper enzyme, optimizing the enzyme 
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component activity [60], reduction in unproductive enzyme function [310] and enzyme 
recycling [311]. 
4.5 Effects of independent variables on enzymatic hydrolysis yield of water 
hyacinth  
4.5.1 Interactions of acid concentration, temperature and time  
             Response surface plots were designed to understand the collaborative effects and 
optimization of factor levels for each independent variable. Figure 18-I (a-d) illustrates the 
effects of acid (sulphuric acid, phosphoric acid, maleic acid, hydrochloric acid) concentration 
and time on enzymatic hydrolysis yield, simultaneously. Yield increases with the increase in 
concentration of acid while residence time showed two different trends according to the acid 
concentration. It was observed that with the increase in H+ ion concentration due to acid, the 
hydrolysis rate increased which resulted in higher amount of sugars.  At 90.0 oC with 1.0% 
concentration of sulphuric, phosphoric, maleic and hydrochloric acid, hydrolysis yield obtained 
is 53.43, 52.54, 55.43 and 54.43% respectively when residence time was 1.0 hr during 
pretreatment, while with increase in residence time at 3.0 hr, yield increased to 60.32, 64.54, 
61.32 and 60.96% respectively. At 90.0 oC with 3.0% concentration of each acid separately, 
63.32, 63.52, 62.31 and 63.72% hydrolysis yield is obtained when residence time was 1.0 hr 
while with increase in residence time from 1.0 to 3.0 hr there is slight increase in the hydrolysis 
yield. Mishima et al., (2008) [47] reported about 60.0% enzymatic hydrolysis yield from water 
hyacinth at these conditions. With the increase in acid concentration by keeping time and 
temperature constant, there is gradual increase in hydrolysis yield at low temperature (90.0 oC) 
while slight increase is observed at higher temperature (130.0 oC). Figure 18(a-d) shows the 
effect of acid concentration and temperature on hydrolysis yield. With the increase in 
temperature from 90.0 to 130.0 oC, the yield increases with 1.0% concentration of acid while 
with 3.0% acid concentration it increases first up to temperature 110.0oC and then decreases 
gradually with increase in temperature 130.0  oC. Canetieri et al., (2007) [183] explained the 
hydrolysis of hemicellulose by optimizing the sulphuric acid concentration, temperature and 
time by using RMS. They found that at higher temperature (150 – 160 oC) maximum amount of 
xylose was obtained but further increase in temperature increases the degradation of xylose, so 
temperature becomes the limiting factor along with acid concentration. Enzymatic hydrolysis of 
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water hyacinth is favored at longer time of pretreatment when catalyst concentration is low 
(1.0%) while at higher concentration, shorter times (1.0h) of pretreatment yielded higher 
hydrolysis.  
 
  (a.I)      (a.II)                            (a.III) 
 
 (b.I)        (b.II)             (b.III) 
Figure 18(a&b): Response surface plots showing the significant effect of different reaction parameters 
on saccharification of water hyacinth biomass (a.I) Sulphuric acid concentration & reaction time (a.II) 
Sulphuric acid concentration & reaction temperature (a.III) Reaction temperature & reaction time (b.I) 
Hydrochloric acid concentration & reaction time (b.II) Hydrochloric acid concentration & reaction 
temperature (b.III) Reaction temperature & reaction time 
Sulphuric, phosphoric, maleic and hydrochloric acid produced, 74.02, 75.53, 77.04 and 73.27% 
hydrolysis yield respectively at 1.0% concentration when pretreatment of water hyacinth was 
carried out at 130.0 oC for 3.0 hr. When time decreases from 3.0 to 1.0 hr at same concentration 
of acid and temperature (130.0 oC), there is very slight difference in hydrolysis yield (73.54, 
78.14, 77.73 and 73.54%) respectively. Sornvoraweat and Kongkiattikajorn (2010) [247] have 
optimized the acid pretreatment of water hyacinth using 0.1M sulphuric acid and obtained 
76.0% enzymatic hydrolysis yield, when pretreatment was done at 135.0 oC for 30.0 min. Most 
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studies, reported 51.0% to 71.0% saccharification efficiency from acid treated water hyacinth 
(Aswathy et al., 2010). It is clear from the hydrolysis yield that organic acids, pretreated the 
lignocellulosic material as well, as described by other researchers also (Kootstra et al., (2009); 
Lu Y. & Mosier (2007) [185, 275]. Pretreatment time significantly influence the hydrolysis 
yield (p=0.002). Figure 18-III (a-d) shows the relationship between time and temperature on 
hydrolysis yield. The yield from sulphuric acid pretreated biomass increases with increase in 
temperature and time and reached maximum at 130.0 oC for  3.0 hr residence time when acid 
concentration was 1.0%. When acid concentration is high (3.0%), maximum yield is obtained 
at lower residence time (1.0 hr), while lower yield is obtained at 130.0 oC for 3.0 hr residence 
time. Higher yield with 1.0% acid concentration at 130.0 oC could be due to the presence of 
hemicellulose residue  
 
  (c.I)       (c.II)              (c.III) 
 
  (d. I)     (d.II)    (d.III) 
 Figure 18(c&d): Response surface plots showing the significant effect of different reaction 
parameters on saccharification of water hyacinth biomass (c.I) Phosphoric acid concentration & 
reaction time (c.II) Phosphoric acid concentration & reaction temperature (c.III) Reaction temperature 
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& reaction time (d.I) Maleic acid concentration & reaction time (d.II) Maleic acid concentration & 
reaction temperature (d.III) Reaction temperature & reaction time 
 
  
Figure 18.1: Effect of acid concentration (sulphuric acid) on the type of monomeric sugars during 
enzymatic hydrolysis of water hyacinth (1.0%, 2.0% & 3.0% acid concentration, W:water ) 
present in pretreated water hyacinth, while higher acid concentration digests the hemicellulose 
completely during pretreatment step which provides pure glucose in enzymatic hydrolysis 
(figure 18.1). Ogawa et al., (2008) [293] reported optimal pretreatment condition as; 
temperature 120.0 oC, residence time 1.0 hr with 1.0% sulphuric acid. Similarly, 
Satyanagalakshmi et al., (2011) [312] also optimized pretreatment conditions and reported 
optimal temperature 121.0 oC with  1.0 hr residence time when 2.0% acid concentration was 
used. The biomass treated with phosphoric acid and maleic acid provided higher hydrolysis 
yield as compared to sulphuric acid. These results showed that enzymatic hydrolysis, at higher 
concentration of acid and higher temperature with short time of treatment, provided higher 
hydrolysis yield [293]. The amount of reducing sugars obtained after enzymatic hydrolysis, 
ranges from 52.0 % to 78.0 % of the water hyacinth. 
4.5.2 Interactions of catalyst (NaOH, Na2S and Na2SO3) concentration, temperature and 
time 
             Three dimensional response surface plots obtained for different catalysts tested on 
saccharification efficiency are shown in figure 19(a-c). Effects of all three factors, i.e., 
                    G      Ar      X     1.0     2.0    3.0      W 
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temperature, time and catalyst concentrations are significant. The effect of NaOH concentration 
and time of pretreatment is shown in figure a-I. It can be seen that with an increase in NaOH 
concentration, the hydrolysis yield increases with an increase in time of incubation. Highest 
saccharification efficiency (yield) is obtained with 3.0% NaOH concentration when 
pretreatment was done for 3.0 hr. Similarly the effect of NaOH concentration and temperature 
is shown in figure a-II. The effect of time and temperature on hydrolysis yield disclosed in 
figure a-III, temperature shows the increasing trend in yield and became highest at 130.0 oC. 
Enzymatic hydrolysis of water hyacinth biomass is favored at high temperature and longer time 
of pretreatment when catalyst (Na2S) concentration is low (1.0%), while at high concentration, 
short time (1.0h) of pretreatment yields higher hydrolysis rate (84.81%).  
 
 
(a.I)     (a.II)    (a.III) 
 
 (b.I)          (b.II)                   (b.III) 
Figure 19(a&b): Response surface plots showing significant first order interactions among different 
reaction parameters for saccharification of water hyacinth biomass (a.I) Sodium hydroxide 
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concentration & reaction time (a.II) Sodium hydroxide concentration & reaction temperature (a.III) 
Reaction temperature & reaction time (b.I) Sodium sulfide concentration & reaction time (b.II) Sodium 
sulfide concentration & reaction temperature (b.III) Reaction temperature & reaction time 
Figure 19b-I shows the effect of sodium sulfide concentration and pretreatment time on 
enzymatic hydrolysis yield. With the increase in concentration of sodium sulfide, the hydrolysis 
yield increases and becomes highest when time of pretreatment is 2.0 hr. There is slight 
decrease in yield, if time of residence is increased to 3.0 hr. Temperature shows different effect, 
yield first increases and is maximum at 120.0 oC followed by decrease at 130.0 oC (figure 19-
IIb). At low temperature (90 oC), 56.35 and 68.71% hydrolysis yield is obtained from 1.0 and 
3.0% catalyst concentration respectively, while at 130.0 oC, 85.0% enzymatic hydrolysis yield 
is obtained from sodium sulfide (1.0%). Only the effect of temperature is prominent on 
hydrolysis yield, when 3.0% Na2SO3 is used during pretreatment step, providing 71.62 & 
84.64% hydrolysis yield at 90.0 oC and 130.0 oC respectively. With 1.0% concentration of 
Na2SO3 (Figure 19c-II), the effect of both temperature and time is prominent (79.32 and 
86.54% yield). A higher efficiency was obtained with the gradual increase in temperature up to 
120.0 oC and then decrease in response was observed which is due to the absence of 
hemicellulose in the pretreated residue, used for enzymatic hydrolysis (figure 19c-III). 
 
 
   (c.I)     (c.II)      (c.III) 
Figure 19c: Response surface plots showing significant first order interactions among different reaction 
parameters for saccharification of water hyacinth biomass (c.I) Sodium sulfite concentration & reaction 
time (c.II) Sodium sulfite concentration & reaction temperature (c.III) Reaction temperature & reaction 
time 
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4.6 Effects of independent variables on enzymatic hydrolysis yield of corncob  
4.6.1 Interactions of acid concentration, temperature and time 
             The effect of pretreatment factors on the hydrolysis yield of corncob biomass is shown 
in figure 20(a-d). Figure 20-I(a-d) shows the effect of acid concentration and time of residence 
during pretreatment. When1.0% sulphuric acid is used to pretreat the corncob for 1.0 hr at 90.0 
oC, 55.22% hydrolysis yield is obtained which increases further with an increase in acid 
concentration It reached at 61.64% at 3.0% acid concentration at 90.0 oC when time of 
pretreatment reached at 3.0 hr. Phosphoric acid provides higher hydrolysis yield (72.82%) at 
these conditions as compared to other acids. Maleic acid provides 65.82% enzymatic hydrolysis 
yield with 3.0% concentration when time of pretreatment is  3.0 hr at 90.0 oC, which is higher 
as compared to sulphuric acid and lower than phosphoric acid pretreatment. Hydrochloric acid 
provides lower hydrolysis yield (60.43%) as compared to other acids. During pretreatment, the 
increase in acid concentration provided more H+ ions, that breakdown the glycosidic bond 
present in hemicellulose, resulting in more sugars and more exposure of cellulose surface for 
enzyme action and hence increase in sugar yield. At lower temperature (90.0 oC), the 
hydrolysis yield increases significantly with increase in acid concentration and time of 
pretreatment. While at higher concentration of these acids at higher temperature and time, the 
hydrolysis yields effect differently. Penetration of H+ ions increases when longer time of 
pretreatment was selected which increases the hydrolysis of hemicellulose.  At 130.0 oC with 
1.0 hr residence time, these acids credit higher cellulose digestibility. With increase in 
residence time from 1.0 to 3.0 hr during pretreatment with higher concentration of acids, a 
negative effect is observed which is due to the complete depolymerization of hemicellulose and 
some degree of charring of remaining cellulose that was not hydrolyzed during enzymatic 
action. Sulphuric acid with 1.0% concentration provides 73.95% yield at 130.0 oC when time of 
pretreatment is  3.0 hr and 67.12% with  1.0 hr residence time. While with 3.0% concentration 
at 130.0 oC, it provided 67.83% yield when residence time is  1.0 hr and 70.17% when 
treatment is done for  3.0 hr. Similarly 1.0% concentration of maleic acid and phosphoric acid 
credits higher yield 77.53 and 77.72% when pretreated for  3.0 hr at 130 oC  
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(a.I)     (a.II)    (a.III)   
 
  
            (b.I)                         (b.II)        (b.III) 
    
(c.I)                 (c.II)         (c.III)      
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    (d.I)                (d.II)             (d.II) 
Figure 20: Response surface plots showing the significant effect of different reaction parameters on 
saccharification of corncob biomass (a.I) Sulphuric acid concentration & reaction time (a.II) Sulphuric 
acid concentration & reaction temperature (a.III) Reaction temperature & reaction time (b.I) 
Hydrochloric acid concentration & reaction time (b.II) Hydrochloric acid concentration & reaction 
temperature (b.III) Reaction temperature & reaction time (c.I) Phosphoric acid concentration & reaction 
time (c.II) Phosphoric acid concentration & reaction temperature (c.III) Reaction temperature & reaction 
time (d.I) Maleic acid concentration & reaction time (d.II) Maleic acid concentration & reaction 
temperature (d.III) Reaction temperature & reaction time 
respectively. When concentration increases for these two acids from 1.0% to 2.0% and then 
3.0%, hydrolysis yield decreases and reached at ~75.0% [figure 20-II (a-d)]. Hydrochloric acid. 
(3.0%) showed 76.09% yield which is greater than sulphuric acid at 130 oC when time of 
pretreatment is  1.0 hr. When time of pretreatment increases from  1.0 hr to  3.0 hr, hydrolysis 
yield decreases from 76.09 to 74.01% due to severity of the pretreatment conditions. 
Hydrochloric acid with 1.0% concentration provides 72.03% yield at 130 oC when time of 
pretreatment is 1.0 hr and 78.42% with 3.0 hr pretreatment time. 
4.6.2 Interactions of catalyst (NaOH, Na2S and Na2SO3) concentration, temperature and 
time 
            The enzymatic hydrolysis yield of corncob biomass is greatly influenced by the 
temperature and time of pretreatment. The effect of NaOH concentration and time of 
pretreatment is displayed in figure (21a-I). NaOH with 1.0% concentration shows 57.62% 
hydrolysis yield when pretreated at 90 oC for 1.0 hr and 69.57% for 3.0 hr. When concentration 
of NaOH is increased from 1.0% to 3.0% at 90 oC, hydrolysis yield also increases from 57.62 
to 68.44 for 1.0 hr and 69.57% to 75.88% for 3.0 hr pretreatment. Similarly, the effect of NaOH 
concentration and temperature of pretreatment is shown in figure (21a-II). A higher yield is 
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obtained by increase in temperature from 90.0 to 130.0 oC. Sodium hydroxide with 1.0% 
concentration provides 80.61% yield at 130.0 oC when time of pretreatment was 3.0 hr and 
82.58% with 1.0 hr residence time during pretreatment. While 3.0% concentration at 130.0 oC 
provides 84.12% yield, when incubation time is 1.0 hr and 78.69% yield is observed when 
treatment is done for 3.0 hr. The effect of Na2S concentration and time of pretreatment is 
presented in figure (21b-I). Sodium sulfide with 1.0% concentration shows 54.72% hydrolysis 
yield when pretreatment is done at 90.0 oC for 1.0 hr and 60.91% for 3.0 hr. When 
concentration of sodium sulfide is increased from 1.0% to 3.0% at 90.0 oC, hydrolysis yield 
also increases from 54.72 to 66.37% for 1.0 hr residence time and 60.91 to 69.89% for 3.0 hr 
residence time. Similarly, the effect of Na2S concentration and temperature of pretreatment is 
illustrated in figure (21b-II). A higher digestibility of cellulose is obtained when temperature 
increases from 90.0 oC to 130.0 oC. Sodium sulfide with 1.0% concentration provides 89.41% 
digestibility at 130.0 oC when pretreatment time is 3.0h and 82.04% when pretreatment is done 
for 1.0 hr. With 3.0% acid concentration at 130.0 oC, 88.34% saccharification efficiency is  
 
                    (a.I)             (a.II)          (a.III) 
      
          (b.I)    (b.II)          (b.III) 
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                         (c.I)                                                (c.II)                                                 (c.III)      
 Figure 21: Response surface plots showing significant first order interactions among different reaction 
parameters for saccharification of corncob biomass (a.I) Sodium hydroxide concentration & reaction 
time (a.II) Sodium hydroxide concentration & reaction temperature (a.III) Reaction temperature & 
reaction time (b.I) Sodium sulfide concentration & reaction time (b.II) Sodium sulfide concentration & 
reaction temperature (b.III) Reaction temperature & reaction time (c.I) Sodium sulfite concentration & 
reaction time (c.II) Sodium sulfite concentration & reaction temperature (c.III) Reaction temperature & 
reaction time. 
obtained when residence time is 1.0 hr and 83.96% when pretreatment is done for 3.0 hr. The 
effect of Na2SO3 concentration and time of pretreatment on hydrolysis of corncob biomass is 
shown in figure (21b-I). Sodium sulfide with 1.0% concentration is showed 61.23% enzymatic 
hydrolysis yield when pretreatment is done at 90.0 oC for 1.0 hr. Hydrolysis yield increases 
with the increase in residence time and is reached at 68.16% when pretreatment is carried out 
for 3.0 hr. An increase in sodium sulfite concentration from 1.0% to 3.0% at 90.0 oC, increases 
the hydrolysis yield from 68.16 to 71.91 for 3.0 hr residence time, while with 1.0 hr 
pretreatment, hydrolysis yield is approximately similar at approx ~61%. Similarly, the effect of 
sodium sulfide concentration and temperature of pretreatment is shown in figure (21b-II). An 
increasing trend in conversion yield is observed with increase in temperature from 90.0 oC to 
130.0 oC. Corncob treated with sodium sulfite (1.0%) at 130.0 oC for 1.0 and 3.0 hr credits 
82.71 and 85.02% hydrolysis yield respectively. While with 3.0% sodium sulfite at 130  oC, 
73.53% yield is obtained when residence time is 1.0 hr and 83.98% when pretreatment is 
carried out for 3.0 hr. Sodium sulfite pretreatment provides maximum glucan conversion yield 
(88.07%) from corncob during enzymatic step when pretreatment was performed with 2.0% 
concentration at 120.0 oC for   2.0 hr.  
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4.7 Effects of independent variables on enzymatic hydrolysis yield of bagasse  
4.7.1 Interactions of acid concentration, temperature and time  
               The effect of sulphuric acid concentration and time of pretreatment on glucan 
conversion yield is shown in figure (22a-I). The sulphuric acid concentration (%) significantly 
affects the hydrolysis of cellulose. At constant time and incubation temperature, yield increases 
with the increase in concentration of sulphuric acid up to 2.0% and then decreases at 3.0% acid 
concentration. At 1.0% concentration of sulphuric acid 55.66% hydrolysis yield was obtained 
when pretreatment of bagasse was done at 90 oC for 1.0 hr and 59.14% with 3.0 hr. The 
hydrolysis yield is 64.55% at 3.0% acid concentration at 90.0 oC when time of pretreatment is 
3.0h and then decreases to 62.22% when pretreatment is done for 3.0 hr (figure 22a-II). When 
incubation time is increased from 1.0 to 3.0 hr, the digestibility of glucan also increases with 
the decrease in acid concentration while with higher acid concentration slight decline is 
observed in productivity. Temperature significantly shapes the hydrolysis yield in the presence 
of different acid concentration and is shown in figure (22a-III). When temperature increases 
from 90.0 oC to 110.0, 120.0 & 130.0 oC, there observed an increasing trend in yield at constant 
time.  At 130 oC, 1.0% concentration provides 70.03 and 75.15% digestion yield when 
pretreatment is done for  1.0 hr and 3.0 respectively. Similarly, 3.0% acid yields 72.62 and 
74.89% hydrolysis when pretreatment was done for  1.0 hr and  3.0 hr at 130 oC, respectively. 
The effect of temperature and time on the hydrolysis yield is presented in figure (III a-d). An 
increase in temperature increases the yield, which reaches at maximum when temperature is 
130.0 oC, while with increase in digestion time, yield first increases and then decreases. The 
effect of hydrochloric acid and time of pretreatment is shown in figure 22b-I. Hydrochloric acid 
provides 55.43% enzymatic hydrolysis yield at 90.0 oC when pretreatment is carried out for 1.0 
hr which further increases with increase in time up to 3.0 hr. When concentration of acid is 
raised to 3.0%, yield increases from 53.63 to 68.37%, when pretreatment is done for 1.0 at 90.0 
oC. With the increase in pretreatment time, hydrolysis yield increases for 1.0% acid 
concentration, reaches 68.16% and then decreases with 3.0% acid concentration. Figure 22b-II 
shows the effect of temperature and acid concentration on response. When bagasse is pretreated 
with 1.0% hydrochloric acid at 130 oC for  1.0 hr, it provides 74.01% enzymatic hydrolysis 
yield and with the increase in treatment time from 1.0 to  3.0 hr, yield also slightly increases 
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(75.51%). An increase in concentration of hydrochloric acid from 1.0% to 3.0%, hydrolysis 
yield obtained is almost same (74.43%). When time of pretreatment is increased from 1.0 to 3.0 
hr, slight enhanced yield is observed at low concentration but there  
    
       (a.I)                            (a.II)       (a.III) 
      
(b.I)            (b.II)      (b.III) 
 
Figure 22(a&b): Response surface plots showing the significant effect of different reaction parameters 
on saccharification of bagasse biomass (a.I) Sulphuric acid concentration & reaction time (a.II) 
Sulphuric acid concentration & reaction temperature (a.III) Reaction temperature & reaction time (b.I) 
Hydrochloric acid concentration & reaction time (b.II) Hydrochloric acid concentration & reaction 
temperature (b.III) Reaction temperature & reaction time  
is decline in yield at higher concentration of acid from 74% to 70.0%. Phosphoric acid is 
provided 52.43% hydrolysis yield at 90 oC when pretreatment is done for  1.0 hr as exhibit in 
figure (22c-I). Time of pretreatment has dominant influence on the digestibility of glucan; an 
increase in time from 1.0 to 3.0 hr enhanced the conversion yield from 52.43% to 61.32%. 
Similarly, when concentration of phosphoric acid increases from 1.0% to 3.0%, hydrolysis 
yield reaches at 62.32% for 1.0 hr and 66.62% for three hour pretreatment. Figure (22c-I) 
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indicates the effect of temperature and concentration of phosphoric acid on hydrolysis yield of 
bagasse. The bagasse shows 72.04% hydrolysis yield when pretreatment is performed with  
  
 
Figure 22.1: Effect of acid concentration on the type of monomeric sugars during enzymatic hydrolysis 
of bagasse (PA: phosphoric acid; MA: maleic acid; HA: hydrochloric acid) 
1.0% phosphoric acid at 130.0 oC for 1.0 hr which is higher than obtained at 90.0 oC. Glucan 
conversion yield is at maximum (77.02%) when acid concentration is 3.0%, when treatment is 
carried out for 1.0 hr at 130.0 oC. Thin layered chromatography shows that acid concentration 
has dominant effect on types of monomeric sugars. High acid concentration hydrolyzed the 
hemicellulose more in pretreatment step and is provided with almost pure cellulose that is 
digested into pure glucose when cellulase enzyme is used (figure 22.1). Higher yield (76.05%) 
was obtained with 2.0% acid concentration when pretreatment is done at 120.0 oC for   2.0 hr. 
Figure (22c-III) shows the effect of temperature and time. The increase in temperature 
increases the hydrolysis yield which maximize at 130.0 oC. An increase in time of pretreatment 
increases the hydrolysis yield initially followed by decrease with longer time of retreatment 
(3.0 hr). The effect of maleic acid and its concentration on pretreatment is shown in figure 
(22d-I). Figure I illustrate the influence of pretreatment time and concentration of maleic acid 
on the hydrolysis yield. With increase in time of pretreatment, hydrolysis yield is increased and 
reaches maximum when pretreatment was done for  3.0 hr. At  1.0 hr, 53.64% yield is obtained 
which reaches at 63.14% when time of pretreatment is enhanced to  3.0 hr at 90.0oC. An 
      G        Ar      X      HA     PA     MA      HA       PA       MA 
                                               1.0%                              3.0% 
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increase in concentration of maleic acid from 1.0% to 3.0%, increases the digestibility of 
cellulose from 53.64% to 64.55% for 1.0 hr and 66.60% for 3.0 hr. The effect of temperature 
and concentration of maleic acid is shown in figure 22d-II.  
 
       
(c.I)            (c.II)      (c.III) 
     
(d.I)            (d.II)      (d.III) 
Figure 22(c&d): Response surface plots showing the significant effect of different reaction parameters 
on saccharification of bagasse biomass (c.I) Phosphoric acid concentration & reaction time (c.II) 
Phosphoric acid concentration & reaction temperature (c.III) Reaction temperature & reaction t ime (d.I) 
Maleic acid concentration & reaction time (d.II) Maleic acid concentration & reaction temperature 
(d.III) Reaction temperature & reaction time 
Enzymatic hydrolysis yield with 1.0% acid concentration is 75.73% when time of pretreatment 
is 1.0 hr at 130.0 oC. When incubation time is increased from 1.0 to 3.0 hr, there is slight 
increase in conversion yield 76.05%. When acid concentration increases from 1.0% to 3.0%, 
hydrolysis yield also increases from 75.73% to 77.14%. A declining effect on hydrolysis yield 
is observed when acid concentration was increased from 1.0% to 3.0% at higher temperature 
(130.0 oC) and lengthy time of pretreatment (3.0 hr). Figure 22d-III shows the effect of time 
and temperature on pretreatment of bagasse, in the presence of different concentrations of 
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maleic acid. Hydrolysis yield is increased with the increase in temperature and reaches at 
maximum when temperature is 130.0 oC. With increase in time of pretreatment, observation in 
glucan conversion yield is recorded which reached maximum at 2.0 hr followed by decline in 
yield with further increase in time (3.0 hr). This effect is due to the severity of the pretreatment 
conditions at longer time which completely depolymerize the hemicellulose and some degree of 
charring of the remaining cellulose which is not hydrolyzed during enzymatic action.  
4.7.2 Interactions of catalyst (NaOH, Na2S and Na2SO3) concentration, temperature and 
time 
             Figure (23a-I: appendix-II) illustrates the effect of NaOH concentration and time on 
pretreatment. NaOH with 1.0% concentration is shown 60.35% hydrolysis yield when 
pretreatment is carried out at 90.0 oC for 1.0 hr and 69.63% when pretreatment was done for 
3.0 hr. When concentration of NaOH is increased from 1.0% to 3.0% at 90.0 oC, hydrolysis 
yield increases from 60.35 to 67.45% for 1.0 hr pretreatment and 69.63% to 74.47% for 3.0 hr 
pretreatment. Similarly, the effect of NaOH concentration and temperature of pretreatment is 
shown in figure (23a-II). There observed an increasing trend in hydrolysis yield with an 
increase in temperature from 90.0 oC to 130.0 oC. Sodium hydroxide with 1.0% concentration 
provided 79.62% yield at 130.0 oC, when time of pretreatment is 1.0 hr and 87.55% with 3.0 hr 
residence time during pretreatment. While with 3.0% concentration at 130.0 oC, it provided 
84.02% enzymatic digestibility when residence time is 1.0 hr and 80.76% when pretreatment 
was done for 3.0 hr. Figure 23a-III displays the effect of time and temperature on the hydrolysis 
yield simultaneously when NaOH was used for pretreatment. Higher glucan digestibility is 
accomplished when temperature of pretreatment was increased from 90.0 oC to 130.0 oC but 
with increase in time, there occurred decline in yield after 2.0 hr. The effect of sodium sulfide 
concentration and time of pretreatment is presented in figure (23b-I). Sodium sulfide with 1.0% 
concentration is shows 53.63% enzymatic hydrolysis when pretreatment is done at 90.0 oC for 
1.0 hr and 63.98% for 3.0 hr. When concentration of sodium sulfide is increased from 1.0% to 
3.0% at 90.0 oC, hydrolysis yield also increases from 53.63 to 68.37% for 1.0 hr residence time 
and 63.98 to 71.91% for 3.0 hr residence time. The effect of Na2S concentration and 
temperature for pretreatment is exhibited in figure (23b-I). 
 96 
 
 
(a.I)            (a.II)      (a.III) 
       
(b.I)            (b.II)      (b.III) 
    
(c.I)            (c.II)      (c.III) 
Figure 23: Response surface plots showing significant first order interactions among different reaction 
parameters for saccharification of bagasse biomass (a.I) Sodium hydroxide concentration & reaction 
time (a.II) Sodium hydroxide concentration & reaction temperature (a.III) Reaction temperature & 
reaction time (b.I) Sodium sulfide concentration & reaction time (b.II) Sodium sulfide concentration & 
reaction temperature (b.III) Reaction temperature & reaction time (c.I) Sodium sulfite concentration & 
reaction time (c.II) Sodium sulfite concentration & reaction temperature (c.III) Reaction temperature & 
reaction time  
 97 
 
A higher enzymatic hydrolysis yield is obtained with increase in temperature from 90.0 to 
130.0 oC. When temperature was increased from 90.0 to 100.0 oC and up to 120.0 oC, increase 
in yield was prominent followed by decrease in yield with the increase in temperature. Sodium 
sulfide with 1.0% concentration provided 87.53% yield at 130.0 oC, when pretreatment is 
carried out for 3.0 hr and 80.04% when pretreatment is 1.0 hr. While 3.0% concentration of 
sodium sulfide at 130.0 oC provided 85.64% yield when residence time was 1.0 hr and 82.94% 
when pretreatment is done for 3.0 hr. Figure 23b-III demonstrates the effect of temperature and 
time of pretreatment. Temperature shows the positive effect on enzymatic digestibility. Yield 
increases with the increase in temperature and a maximum is reached at 87.53% at 130.0 oC. 
Initially, yield increases with increase in time and then decreases with an increase in time (3.0 
hr).  
 
Figure 23.1 Monomeric sugars in hydrolyzate after enzymatic hydrolysis [G: glucose, Ar: arabinose, X: 
xylose, S: sulphuric acid, H: hydrochloric acid: maleic acid, P: phosphoric acid, A: acetic acid, NH3: 
ammonia, Na: NaOH, W: water]  
     G     Ar    X     S        H     M     P     A     NH3  Na     W 
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Figure 23.2; Monomeric sugars in hydrolyzate after enzymatic hydrolysis [G: glucose, Ar: arabinose, X: 
xylose, S1: sodium sulfide, S2: sodium sulfite, Na: NaOH]  
The effect of Na2SO3 concentration and time of pretreatment on hydrolysis of bagasse is shown 
in figure (23c-I). Sodium sulfite with 1.0% concentration shows 61.23% enzymatic hydrolysis 
yield when pretreatment was done at 90.0 oC for 1.0 hr. There is an increasing trend in 
hydrolysis yield and 68.16% yield is observed when residence time was increased from 1.0 to 
3.0 hr. With the increase in sodium sulfite concentration from 1.0 to 3.0% at 90.0 oC, 
hydrolysis yield increases from 61.23 to 67.24% for 1.0 hr residence time. While at 3.0 hr 
pretreatment time, approximately ~5.0% hydrolysis yield was increased at 90.0 oC with 3.0% 
catalyst. Similarly, the effect of sodium sulfite concentration and temperature of pretreatment is 
shown in figure (23c-II). An increasing trend in hydrolysis digestibility is observed with 
increase in temperature from 90.0 to 130.0 oC. Bagasse treated with sodium sulfite with 
concentration 1.0%, at 130.0 oC for 1.0 and 3.0 hr credited 82.71 and 81.03% hydrolysis yield 
respectively. While with 3.0% sodium sulfite at 130.0 oC, 83.54% yield is obtained when 
residence time is 1.0 hr and 82.81% when pretreatment is done for 3.0 hr. Figure 23c-III shows 
the effect of temperature and time. Hydrolysis yield increases with the rise in temperature and 
reached maximum 86.07% at 120.0 oC, then decreases with increase in temperature (130.0 oC). 
Pretreatment with sodium sulfite provided less enzymatic hydrolysis yield (86.07%) from 
bagasse as compared to sodium sulfide (87.53%).   
   G  Ar  X     S1    S2   S1   S2   Na S1   S2  S1   Na S2 
                          CC           BG            WH         RH 
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4.8 Effects of independent variables on enzymatic hydrolysis yield of banana 
stem  
4.8.1 Interactions of acid concentration, temperature and time  
              Figure 24a-I displays the effect of sulphuric acid concentration and time on the 
hydrolysis yield of banana pseudo stem. The effect of the concentration of sulphuric acid on the 
enzymatic hydrolysis yield is significant (figure 24a). At constant time and temperature the 
yield surges with the increase in concentration of H2SO4. At 1.0% concentration of sulphuric 
acid 58.66% hydrolysis yield is obtained when pretreatment of the banana stem was done at 
90.0 oC for 1.0 hr. It reached 64.50% at 3.0% acid concentration at 90.0 oC when time of 
pretreatment is 3.0 hr. When the pretreatment time increases from 1.0 to 3.0 hr the hydrolysis 
yields increases slightly with lower acid concentration while with higher concentration, there is 
no increase in yield. The effect of hydrochloric acid and time of pretreatment is showed in 
figure 24b-I. Hydrochloric acid provided 54.82% hydrolysis yield at 90.0 oC when pretreatment 
is done for 1.0 hr which increased with increase in pretreatment time. When concentration of 
the acid raised to 3.0%, yield increases from 54.82 to 61.92% when pretreatment is done for 1.0 
at 90.0 oC. But with the rise in pretreatment time, yield decreases and reached 60.51%. Figure 
24d-II shows the effect of temperature and the acid concentration. When banana stem is 
pretreated with 1.0% hydrochloric acid at 130.0 oC, it provided 68.51% enzymatic hydrolysis 
yield when residence time is 1.0 hr and 74.89% when time is 3.0 hr. With the increase in 
concentration of hydrochloric acid from 1.0% to 3.0%, hydrolysis yield decreases from 74.89 
to 73.52%. 
     
(a.I)            (a.II)                         (a.III) 
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(b.I)            (b.II)         (b.III) 
Figure 24(a&b): Response surface plots showing the significant effect of different reaction parameters 
on saccharification of banana pseudo stem (a.I) Sulphuric acid concentration & reaction time (a.II) 
Sulphuric acid concentration & reaction temperature (a.III) Reaction temperature & reaction time (b.I) 
Hydrochloric acid concentration & reaction time (b.II) Hydrochloric acid concentration & reaction 
temperature (b.III) Reaction temperature & reaction time  
When time of pretreatment is increased from 1.0 to 3.0 hr, hydrolysis yield also 
increased from 70.48 to 73.52% at 130.0 oC with 3.0% hydrochloric acid. Phosphoric acid 
provided 51.08% hydrolysis yield at 90.0 oC when pretreatment was done for 1.0  hr as 
presented in figure (24b-I). Time of pretreatment have dominant effect on hydrolysis yield, 
when time increases from 1.0 to 3.0 hr yield also increases from 51.08% to 61.39%. Similarly, 
when concentration of phosphoric acid increases from 1.0% to 3.0%, hydrolysis yield reached 
at 62.31% for 1.0h and 64.71% for three hour pretreatment. Figure (24c-II) illustrates the effect 
of temperature and concentration of phosphoric acid on the hydrolysis yield of banana stem. 
The banana stem shows 73.85% yield when pretreatment is done with 1.0% phosphoric acid at 
130.0 oC for 1.0 hr which is higher than obtained at 90.0 oC. Very slight increase is observed, 
when pretreatment time is increased from 1.0 to 3.0 hr. Higher yield (74.79 & 74.86%) was 
obtained with 1.0% and 2.0% phosphoric acid concentration at 130.0 oC and 120.0 oC for 1.0 hr 
and 2.0 hr residence time respectively. The influence of pretreatment time and concentration of 
maleic acid on the hydrolysis yield are shown in figure 24d-I. With increase in time of 
pretreatment, the cellulose digestibility is increased and reached maximum at 3.0 hr time. At 
1.0 hr, 52.43% yield is obtained which reached up to 61.12% when time increased to 3.0 hr at 
90.0 oC. 
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 (c.I)                            (c.II)                         (c.III) 
 
        
                          (d.I)                     (d.II)         (d.III) 
Figure 24(c&d): Response surface plots showing the significant effect of different reaction parameters 
on saccharification of banana pseudo stem (c.I) Phosphoric acid concentration & reaction time (c.II) 
Phosphoric acid concentration & reaction temperature (c.III) Reaction temperature & reaction time (d.I) 
Maleic acid concentration & reaction time (d.II) Maleic acid concentration & reaction temperature 
(d.III) Reaction temperature & reaction time 
With the increase in concentration of maleic acid from 1.0% to 3.0%, the hydrolysis yield 
increases from 52.43% to 64.32% for 1.0h and 66.62% for 3.0h pretreatment time. Effect of 
temperature and concentration of maleic acid is exhibited in figure 24d-II. Enzymatic 
hydrolysis yield with 1.0% acid concentration is 76.02% when time of pretreatment is 1.0 hr at 
130.0 oC. When time increases from 1.0h to 3.0h, there is slight increase in the cellulose 
conversion yield 77.73%. When acid concentration increases at 3.0%, hydrolysis yield 
decreases from 77.73% to 75.43%. A decline effect on hydrolysis yield is observed when acid 
concentration increases from 1.0 to 3.0% at higher temperature (130.0 oC). This effect is due to 
the severity of the pretreatment condition which completely depolymerizes the hemicellulose 
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and some degree of charring of the remaining cellulose which was not hydrolyzed during 
enzymatic action.  
4.8.2 Interactions of catalyst (NaOH, Na2S and Na2SO3) concentration, temperature and 
time 
              Effects of catalyst concentration (NaOH, Na2S & Na2SO3, temperature of pretreatment 
and duration of time on the yield is shown in figure 25a, b & c. Figure (25a) shows the effect of 
NaOH concentration and time on pretreatment. NaOH with 1.0% concentration showed 60.43% 
hydrolysis yield when pretreatment was done at 90.0 oC for 1.0 hr and 64.16% for 3.0 hr. When 
concentration of NaOH was increased from 1.0% to 3.0% at 90.0 oC, hydrolysis yield increases 
from 60.43 to 64.52 for 1.0 hr pretreatment and 64.16% to 70.21% for 3.0 hr pretreatment. 
Similarly, the effect of NaOH concentration and temperature of pretreatment is publicized in 
figure (25a-II). There present an increasing trend in glucan conversion yield, when temperature 
increases from 90.0 to 130.0 oC. Sodium hydroxide with 1.0% concentration provided 82.05% 
yield at 130.0 oC when time of pretreatment was 3.0h and 78.65% with 1.0h residence time. 
While with 3.0% concentration at 130.0 oC, it provided 84.21% yield when residence time is 
1.0 hr and 83.83% when pretreatment is done for 3.0 hr. Figure 25a-III displays the effect of 
time and temperature on the hydrolysis yield when NaOH is used for pretreatment. An increase 
in hydrolysis yield is observed when temperature increases from 90.0 oC to 130.0 oC but with 
the increase in time, decrease in yield is perceived after 2.0 hr. The effect of Na2S concentration 
and time of pretreatment is presented in figure (25b-I). Sodium sulfide with 1.0% concentration 
   
                                   (a.I)                                   (a.II)                                (a.III)   
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    (b.I)                                     (b.II)                                (b.III) 
 
   (c.I)                    (c.II)            (c.III) 
 
Figure 25: Response surface plots showing significant first order interactions among different reaction 
parameters for saccharification of banana pseudo stem biomass (a.I) Sodium hydroxide concentration & 
reaction time (a.II) Sodium hydroxide concentration & reaction temperature (a.III) Reaction temperature 
& reaction time (b.I) Sodium sulfide concentration & reaction time (b.II) Sodium sulfide concentration 
& reaction temperature (b.III) Reaction temperature & reaction time (c.I) Sodium sulfite concentration 
& reaction time (c.II) Sodium sulfite concentration & reaction temperature (c.III) Reaction temperature 
& reaction time  
showed 53.32% yield when pretreatment is done at 90.0 oC for 1.0 hr and 63.98% for 3.0 hr. 
When concentration of sodium sulfide is increased from 1.0% to 3.0% at 90.0 oC, hydrolysis 
yield increases from 53.32 to 68.37% for 1.0 hr residence time and 63.98% to 71.21% for 3.0 
hr residence time. The effect of Na2S concentration and temperature of pretreatment is 
exhibited in figure (25b-II). When temperature increases from 90.0 to 100.0 oC and then 120.0 
oC, increase in yield is prominent, further increase in temperature decrease the yield. Sodium 
sulfide with 1.0% concentration provides 89.41% yield at 130.0 oC when pretreatment time is 
3.0h, and 82.04% yield is obtained when pretreatment was done for 1.0 hr. While, when 
pretreatment of banana stem is done with 3.0% concentration of sodium sulfide at 130.0 oC, it 
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provides 88.34 and 83.96% yield when residence time is 1.0h and 3.0h, respectively. The effect 
of Na2SO3 concentration and time of pretreatment on hydrolysis of banana stem is displayed in 
figure (25c-II). Sodium sulfite with 1.0% concentration provided 61.49% enzymatic hydrolysis 
yield when pretreatment was done at 90 oC for 1.0 hr. There is slight increase in hydrolysis 
yield when residence time is increased from 1.0 to 3.0 hr. With the increase in sodium sulfite 
concentration from 1.0% to 3.0% at 90 oC, hydrolysis yield increases from 62.39 to 66.54% for 
3.0 hr. While at 1.0 hr pretreatment, slight increase in hydrolysis yield (~2.5%) was observed. 
Similarly, the effect of sodium sulfite concentration and temperature of pretreatment is exposed 
in figure (25c-II). An increasing trend in hydrolysis yield is observed with the increase in 
temperature from 90.0 oC to 130.0 oC. Banana stem treated with sodium sulfite (1.0%) at 130.0 
oC for 1.0 and 3.0 hr credited 78.81 and 80.05% hydrolysis yield respectively. While, 3.0% 
sodium sulfite at 130.0 oC provides 79.02% yield when residence time is 1.0h and 81.54% 
when pretreatment is done for 3.0 hr. Pretreatment with sodium sulfite provides less enzymatic 
hydrolysis yield (81.54%) from banana stem as compared to sodium sulfide (89.41%). 
4.9 Effects of independent variables on enzymatic hydrolysis yield of rice 
husk  
4.9.1 Interactions of acid concentration, temperature and time     
             Effect of sulphuric acid concentration and time of pretreatment on the hydrolysis yield 
of rice husk is exposed in figure 26a-I. With the increase in concentration of acid, hydrolysis 
yield also increases and is reached at maximum when time of pretreatment is 3.0 hr at 90.0 oC. 
At 1.0% concentration of sulphuric acid 49.23% hydrolysis yield is obtained when pretreatment 
of rice husk was done at 90.0 oC for 1.0 hr. When reaction time was increased from 1.0 to 3.0 
hr, yield also slightly increases. While with higher concentration of acid (3.0%), it reaches 
55.36% at 90.0 oC when time of pretreatment is 1.0 hr and 56.76% when pretreatment is done 
for 3.0 hr. Figure 26a-II exposes the effect of temperature and concentration of acid. It 
demonstrates that hydrolysis yield rises significantly with the increase in temperature. At 130.0 
oC with 1.0% acid concentration it provided 62.04 & 66.81% enzymatic hydrolysis, when 
pretreatment is done for 1.0  & 3.0h respectively. When acid concentration increases from 1.0% 
to 3.0% at 130.0 oC, hydrolysis yields do not improved and show decreasing trend. Figure 26a-
III illustrates the effect of temperature and time of pretreatment on response. Higher 
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temperature with less concentration of acids depicted higher hydrolysis yield while higher 
concentration of acid provided lower yield. At 120.0 oC, 64.09% yield is obtained when 
pretreatment was done for 2.0 hr with 2.0% acid concentration Rice husk provided lower 
hydrolysis yield as compared to other biomass sources due to presence of more lignin and silica 
which create a barrier to the enzyme action. The effect of hydrochloric acid and residence time 
during pretreatment of rice husk was showed in figure 26b-I. Hydrochloric acid provided 
49.03% hydrolysis yield at 90.0 oC when pretreatment is done for 1.0 hr which increases with 
time and reached at 52.96% when time is 3.0 hr. When concentration of acid is raised to 3.0%, 
cellulose digestion yield increases from 52.96 to 59.74%, when treatment is done for 1.0 hr at 
90.0 oC. With the increase in pretreatment time, hydrolysis yield decreases and reached 
56.78%. Figure 26b-II exhibiting the effect of temperature and acid concentration 
simultaneously. When, rice husk is pretreated with 1.0% hydrochloric acid at 130.0 oC for 1.0 
hr, it provides 
 
(a.I)                              (a.II)                       (a.III) 
 
  (b.I)                (b.II)          (b.III) 
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                   (c.I)                                 (c.II)                             (c.III) 
  
      (d.I)                                        (d.II)                                        (d.III) 
Figure 26: Response surface plots showing the significant effect of different reaction parameters on 
saccharification of rice husk biomass (a.I) Sulphuric acid concentration & reaction time (a.II) Sulphuric 
acid concentration & reaction temperature (a.III) Reaction temperature & reaction time (b.I) 
Hydrochloric acid concentration & reaction time (b.II) Hydrochloric acid concentration & reaction 
temperature (b.III) Reaction temperature & reaction time (c.I) Phosphoric acid concentration & reaction 
time (c.II) Phosphoric acid concentration & reaction temperature (c.III) Reaction temperature & reaction 
time (d.I) Maleic acid concentration & reaction time (d.II) Maleic acid concentration & reaction 
temperature (d.III) Reaction temperature & reaction time  
66.08% enzymatic hydrolysis yield and 69.56% when residence time was 3.0h. With increase 
in concentration of hydrochloric acid from 1.0% to 3.0%, hydrolysis yield decreases from 
69.56 to 65.54% at 130.0 oC. Figure 26b-III illustrates the effect of temperature and 
pretreatment time on enzymatic digestibility. Hydrolysis yield increases with the increase in 
temperature and reached maximum at 130.0 oC while an increase in time from 1.0 to 2.0 hr, 
yield first increases and then decreases for 3.0 hr pretreatment. Phosphoric acid (1.0%) 
provides 48.72% hydrolysis yield at 90.0 oC when pretreatment is done for 1.0 hr as shown in 
figure (26c-I). When time of pretreatment is increased from 1.0 to 3.0 hr hydrolysis yield 
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(48.72%) increases and reaches at 56.47%. When concentration of phosphoric acid increases 
from 1.0% to 3.0%, 60.74% yield was credited for 1.0 hr and 59.68% for three hour 
pretreatment. Figure (26c-II) showed the effect of temperature and concentration of phosphoric 
acid on hydrolysis yield of rice husk. The rice husk provides 67.03% hydrolysis yield when 
pretreatment is done with 1.0% phosphoric acid at 130.0 oC for 1.0 hr which is higher than at 
90.0 oC. Three percent higher hydrolysis yield is observed, when pretreatment time is increased 
from 1.0 to 3.0 hr with same concentration of acid and residence time. When acid concentration 
increases from 1.0 to 3.0% at 130 oC, yield decreases. At 1.0% acid concentration maximum 
yield (66.81%) is obtained when pretreatment is done for 3.0 hr. The effect of temperature and 
time on enzymatic hydrolysis yield is exposed in figure 26c-III. With low acid concentration, 
hydrolysis yield increases linearly and reached at maximum at top level of time and with higher 
concentration of acid, hydrolysis yield decreases with increase in time. The influence of 
pretreatment time and concentration of maleic acid on the hydrolysis yield is shown in figure 
26d-I. With the increase in time of pretreatment, the hydrolysis yield increases and reached 
maximum at 3.0 hr pretreatment time. At 1.0 hr, 51.83% yield is obtained which reaches up to 
61.32% when time of pretreatment is increased to 3.0 hr at 90.0 oC. When concentration of 
maleic acid is increased from 1.0% to 3.0% during pretreatment, the hydrolysis yield increases 
from 51.83% to 58.32% for 1.0 hr and 61.62% for 3.0 hr. The effect of temperature and 
concentration of maleic acid is shown in figure 26d-II which shows that hydrolysis yield 
increases with the increase in temperature. Enzymatic digestibility with 1.0% acid 
concentration is 67.95% when pretreatment is performed for 1.0 hr at 130.0 oC. When time 
increases from 1.0 to 3.0 hr, two percent higher yield is obtained. When acid concentration 
increases from 1.0 to 3.0%, hydrolysis yield decreases from 70.88 to 69.85% at 130.0 oC. A 
decline in hydrolysis yield is observed when acid concentration increases from 1.0% to 3.0% at 
higher temperature. This effect is due to the severity of pretreatment conditions which increases 
with the increase in acid concentration, completely depolymerized the hemicellulose and some 
degree of charring of the cellulose which results in its partial hydrolysis during enzymatic 
action. The effect of temperature and time on enzymatic hydrolysis yield of rice husk is 
disclosed in figure 26d-III. Percentage of glucan conversion is increased with increase in 
temperature and reaches maximum at 130.0 oC. With low acid concentration, hydrolysis yield 
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increases significantly and reached maximum at top level of time while with higher 
concentration of acid, hydrolysis yield decreases with increase in time.  
4.9.2 Interactions of catalyst (NaOH, Na2S and Na2SO3) concentration, temperature and 
time 
             The hydrolysis of rice husk is affected with catalyst concentration, temperature and 
duration of time during pretreatment (figure 27). Figure (27a-I) shows the effect of NaOH 
concentration and time on pretreatment. NaOH with 1.0% concentration shows 53.73% 
hydrolysis yield when pretreatment was done at 90.0 oC for 1.0 hr and 64.16% for 3.0 hr. When 
concentration of NaOH is increases from 1.0% to 3.0% at 90.0 oC, hydrolysis yield increased 
from 53.73 to 58.19% for 1.0 hr pretreatment and decreases from 64.16 to 63.62% for 3.0 hr 
pretreatment. At higher acid concentration, there present a  trend of decreasing the yield at 
longer time of pretreatment. Similarly, the effect of NaOH concentration and temperature of 
pretreatment is shown in figure (27a-II). There present an increasing trend in yield with the 
increase in temperature from 90.0 oC to 130.0 oC. Sodium hydroxide with 1.0% concentration 
provided 69.58% yield at 130.0 oC when time of pretreatment is 1.0h and 74.05% with 3.0 hr 
residence time during pretreatment. While with 3.0% concentration at 130.0 oC, it provides 
72.91% hydrolysis yield when residence time is 1.0 hr and 75.84% when pretreatment was 
done for 3.0 hr. Figure (a-III) shows the effect of temperature and duration of incubation time 
on hydrolysis yield simultaneously. There is an increase in hydrolysis yield when temperature 
increases from 90.0 to 130.0 oC and time of pretreatment increases from 1.0 - 3.0 hr. The effect 
of sodium sulfide concentration and time of pretreatment is paraded in figure (27b-I). Sodium 
sulfide with 1.0% concentration shows 48.46% hydrolysis yield when rice husk was pretreated 
at 90.0 oC for 1.0 hr and 58.90% for 3.0 hr. When concentration of sodium sulfide was 
increases from 1.0% to 3.0% at 90.0 oC, hydrolysis yield increases from 48.46 to 63.32 for 1.0 
hr residence time and 58.90% to 62.37% for 3.0  hr residence time. The effect of Na2S 
concentration and temperature of pretreatment was shown in figure (27b-II). A higher 
enzymatic hydrolysis yield was obtained with increase in temperature from 90.0 to 130.0 oC. 
Sodium sulfide with 1.0% concentration provided 75.24% yield at 130.0 oC when pretreatment 
time was 1.0 hr and 82.43% when pretreatment was done for 3.0 hr. While 3.0% concentration 
of sodium sulfide at 130.0 oC provided 80.54% yield when residence time was 1.0 hr and 
77.83% when pretreatment was done for 3.0 hr. Higher concentration of sodium sulfide at 
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130.0 oC provided higher amount of sugars for short time of pretreatment and less amount 
when pretreatment was done for longer time.  
 
 (a.I)                              (a.II)                             (a.III) 
  
  (b.I)                   (b.II)       (b.III) 
    
  (c.I)                                (c.II)                            (c.III) 
Figure 27: Response surface plots showing significant first order interactions among different reaction 
parameters for saccharification of rice husk biomass (a.I) Sodium hydroxide concentration & reaction 
time (a.II) Sodium hydroxide concentration & reaction temperature (a.III) Reaction temperature & 
reaction time (b.I) Sodium sulfide concentration & reaction time (b.II) Sodium sulfide concentration & 
reaction temperature (b.III) Reaction temperature & reaction time (c.I) Sodium sulfite concentration & 
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reaction time (c.II) Sodium sulfite concentration & reaction temperature (c.III) Reaction temperature & 
reaction time  
Figure (b-III) shows the effect of temperature and time of pretreatment. Temperature shows a 
positive effect on hydrolysis yield. Yield increases with the increase in temperature and reached 
at 87.53% at 130.0 oC. When time of pretreatment is increased from 1.0 to 2.0 hr, yield 
increases to maximum and then decreases with increase in time of pretreatment for higher 
catalyst concentration. The effect of sodium sulfite concentration and time of pretreatment on 
hydrolysis of rice husk was exposed in figure (27c-I). Sodium sulfite with 1.0% concentration 
credited 56.72% enzymatic hydrolysis yield when pretreatment was done at 90.0 oC for 1.0 hr. 
With the increase in sodium sulfite concentration from 1.0 to 3.0% at 90.0 oC, hydrolysis yield 
increases from 56.72 to 60.49% for 1.0 hr residence time and 64.52% conversion of cellulosic 
material is obtained when pretreatment was done for 3.0  hr. Similarly, the effect of sodium 
sulfite concentration and pretreatment temperature was revealed in figure (27c-II). An 
increasing trend in hydrolysis yield was observed with increase in temperature from 90.0 oC to 
130.0 oC. Rice husk treated with sodium sulfite with concentration 1.0%, at 130.0 oC for 1.0 
and 3.0 hr credited 75.78 and 77.31% hydrolysis yield respectively. While with 3.0% sodium 
sulfite at 130.0 oC, 76.80% yield was obtained when residence time was 1.0h and 78.43% when 
pretreatment was done for 3.0 hr. Figure 27c-III disclosed the effect of temperature and time. 
Hydrolysis yield increases with the increase in temperature and reached maximum (78.43%) at 
130.0 oC. Amount of sugars increases with the increase in temperature and time up to highest 
level. Pretreatment with sodium sulfite provides less enzymatic hydrolysis yield (78.43%) from 
rice husk as compared to sodium sulfide (82.42%).   
4.10 Predicted Vs Actual enzymatic hydrolysis yield obtained from different 
Quadratic Models  
             The relationship between predicted hydrolysis yield and the actual hydrolysis yield is 
revealed in figure 28-32. The graphs (a-g) show the actual hydrolysis yield obtained from 
different experimental runs of H2SO4, H3PO4, Maleic Acid, HCl, NaOH, Na2S and Na2SO3 
catalyzed pretreatment of water hyacinth, corncob, bagasse, banana stem and rice husk during 
optimization process, and their predicted yield which were quite close with each other. There 
present high correlation (R2 = >0.9) between the predicted and the actual hydrolysis yield. This 
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close value validates the credibility of the model established for correlation between the 
process factors and hydrolysis yield.     
       
                            (a)                                                      (b)                                                    (c) 
 
    (d)                                             (e)                                                (f) 
 
(g) 
Figure 28: Plots of predicted Vs actual yield for water hyacinth; (a) sulphuric acid catalyzed model, (b) 
hydrochloric acid catalyzed model, (c) phosphoric acid catalyzed model, (d) maleic acid catalyzed 
model, (e) sodium hydroxide catalyzed model, (f) sodium hydroxide catalyzed sodium sulfide catalyzed 
model, (g) sodium hydroxide catalyzed sodium sulfite catalyzed model 
 112 
 
 
(a)                                                     (b)                                                      (c) 
 
(d)                                                    (e )                                                      (f) 
 
(g) 
Figure 29: Plots of predicted Vs actual yield for corncob; (a) sulphuric acid catalyzed model, (b) 
hydrochloric acid catalyzed model, (c) phosphoric acid catalyzed model, (d) maleic acid catalyzed 
model, (e) sodium hydroxide catalyzed model, (f) sodium hydroxide catalyzed sodium sulfide catalyzed 
model, (g) sodium hydroxide catalyzed sodium sulfite catalyzed model 
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                             (a)                                                  (b)                                                      (c) 
 
                           (d)                                                    (e)                                                     (f) 
 
(g) 
Figure 30: Plots of predicted Vs actual yield for bagasse; (a) sulphuric acid catalyzed model, (b) 
hydrochloric acid catalyzed model, (c) phosphoric acid catalyzed model, (d) maleic acid catalyzed 
model, (e) sodium hydroxide catalyzed model, (f) sodium hydroxide catalyzed sodium sulfide catalyzed 
model, (g) sodium hydroxide catalyzed sodium sulfite catalyzed model 
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(a)                                                 (b)                                                (c) 
 
                        (d)                                                           (e)                                                  (f) 
 
(g) 
Figure 31: P lots of predicted Vs actual yield for banana stem; (a) sulphuric acid catalyzed model, (b) 
hydrochloric acid catalyzed model, (c) phosphoric acid catalyzed model, (d) maleic acid catalyzed 
model, (e) sodium hydroxide catalyzed model, (f) sodium hydroxide catalyzed sodium sulfide catalyzed 
model, (g) sodium hydroxide catalyzed sodium sulfite catalyzed model 
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(a)                                            (b)                                            (c) 
 
(d)                                           (e)                                             (f)  
 
(g) 
Figure 32: Plots of predicted Vs actual yield for rice husk; (a) sulphuric acid catalyzed model, (b) 
hydrochloric acid catalyzed model, (c) phosphoric acid catalyzed model, (d) maleic acid catalyzed 
model, (e) sodium hydroxide catalyzed model, (f) sodium hydroxide catalyzed sodium sulfide catalyzed 
model, (g) sodium hydroxide catalyzed sodium sulfite catalyzed model 
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4.11 Statistical analysis of response surface quadratic models for 
optimization of enzymatic hydrolysis 
4.11.1 Summary statistics for quadratic models 
            All quadratic models obtained for sulphuric acid, hydrochloric acid, phosphoric acid, 
maleic acid, sodium hydroxide, sodium hydroxide catalyzed sodium sulfide and sodium sulfite 
used for pretreatment of different biomass sources i.e., water hyacinth, corncob, bagasse, 
banana pseudo stem and rice husk were significant with p-value less than 0.0001. The values of 
coefficient of variance (CV), determination coefficients (R2 & R2 Adj) and Adeq precision for 
all models were tabulated in table 4.6. The value of coefficient of variation (CV) showed the 
precision and its value predicted the reliability of experiments. Its value below 4 usually 
indicates the reliability of the model [313]. Quadratic model obtained for sulphuric acid 
treatment of water hyacinth has C.V value 1.14, which indicated a better precision while model 
for sodium sulfide calculated a higher value 2.4 showing the reliability of the experiments. 
Similarly, Models used for corncob pretreatment with different catalysts calculated the 
coefficient variance value in the range of 1.61 – 2.53, which correspond to sodium sulfite and 
sodium hydroxide treatment respectively. All the models analyzed for treatment of banana stem 
showed C.V value in the range of 1.54 – 2.83 which correspond to sodium sulfite and 
phosphoric acid respectively while in models used for pretreatment of rice husk, minimum 
value of C.V is 1.44 for maleic acid treatment and maximum 3.31for sodium sulfide. All the 
models have C.V value in the range of 1.44 – 3.49 which indicate good precision and reliability 
of different experiments in each model. Determination coefficient (R2), measure the model 
fitness, reliability and its value, near 1.0 indicate the high significance of the model.  The model 
fitting reliability was determined from the value of R2 and R2 adj. Quadratic model obtained for 
water hyacinth, when pretreatment was done with sulphuric acid has determination coefficient 
value (R2 and R2 adj) 0.9815 and 0.9607 respectively, employed that approximately 98.15% of 
the variance is attributed to the variables and model was significance. Thus, only 0.0208% of 
variance was not explained by the model so this provided good explanation between the model 
 117 
 
Table 4.6: Summary statistics of quadratic models used for optimization of enzymatic hydrolysis  
Lignocellulosic 
Material 
    Catalyst Selected  
Model 
Model significance 
(p-value) 
C.V 
(%) 
R-squared Adj. R-
squared 
Predicted R-
squared 
Adeq 
Precision 
Water hyacinth Sulphuric acid Qardatic < 0.0001 1.14 0.9815 0.9607 0.9055 25.177 
 Hydrochloric acid Qardatic < 0.0001 1.41 0.9729 0.9424 0.8528 20.105 
 Phosphoric acid Qardatic < 0.0001 1.89 0.9644 0.9244 0.7580 19.680 
 Maleic Acid Qardatic < 0.0001 1.17 0.9837 0.9654 0.9098 26.369 
 Sodium Hydroxide Qardatic < 0.0001 1.24 0.9865 0.9714 0.9280 26.308 
 Sodium Sulfide* Qardatic < 0.0001 2.43 0.9618 0.9188 0.7821 16.862 
 Sodium Sulfite* Qardatic < 0.0001 1.49 0.9824 0.9626 0.8796 22.560 
Corncob Sulphuric acid Qardatic < 0.0001 2.20 0.9668 0.9295 0.5613 16.497 
 Hydrochloric acid Qardatic < 0.0001 2.72 0.9664 0.9286 0.7808 20.651 
 Phosphoric acid Qardatic < 0.0001 2.11 0.9705 0.9374 0.8698 19.031 
 Maleic Acid Qardatic < 0.0001 1.91 0.9776 0.9524 0.9223 23.338 
 Sodium Hydroxide Qardatic    0.0001 2.53 0.9594 0.9138 0.7542 17.854 
 Sodium Sulfide* Qardatic < 0.0001 1.69 0.9019 0.8128 0.7580 37.021 
 Sodium Sulfite* Qardatic < 0.0001 1.61 0.9871 0.9725 0.9157 28.178 
Bagasse Sulphuric acid Qardatic < 0.0001 1.54 0.9850 0.9681 0.8873 24.522 
 Hydrochloric acid Qardatic < 0.0001 2.07 0.9649 0.9254 0.8130 18.841 
 Phosphoric acid Qardatic < 0.0001 1.65 0.9857 0.9696 0.9113 29.20 
 Maleic Acid Qardatic < 0.0001 2.28 0.9673 0.9305 0.7844 19.965 
 Sodium Hydroxide Qardatic < 0.0001 3.10 0.9534 0.9010 0.5088 16.103 
 Sodium Sulfide* Qardatic < 0.0001 3.07 0.9292 0.8846 0.8191 19.813 
 Sodium Sulfite* Qardatic < 0.0001 1.65 0.9646 0.9673 0.8590 25.77 
Banana pseudo  Sulphuric acid Qardatic < 0.0001 2.29 0.9616 0.9184 0.7595 15.124 
Stem Hydrochloric acid Qardatic < 0.0001 2.11 0.9684 0.9328 0.7775 18.060 
 Phosphoric acid Qardatic   0.0002 2.83 0.9531 0.9003 0.7602 16.93 
 Maleic Acid Qardatic < 0.0001 1.65 0.9825 0.9635 0.8786 23.62 
 Sodium Hydroxide Qardatic < 0.0001 1.78 0.9854 0.9689 0.8409 26.14 
 Sodium Sulfide* Qardatic < 0.0001 2.07 0.9861 0.9705 0.8083 28.98 
 Sodium Sulfite* Qardatic < 0.0001 1.54 0.9165 0.8714 0.8071 24.48 
Rice husk Sulphuric acid Qardatic < 0.0001 2.19 0.9732 0.9432 0.8433 18.644 
 Hydrochloric acid Qardatic < 0.0001 3.49 0.9287 0.8484 0.6237 12.46 
 Phosphoric acid Qardatic    0.0001 2.68 0.9582 0.9111 0.4328 16.437 
 Maleic Acid Qardatic < 0.0001 1.44 0.9835 0.9735 0.8904 27.391 
 Sodium Hydroxide Qardatic    0.0001 1.85 0.9847 0.9675 0.8716 25.703 
 Sodium Sulfide* Qardatic < 0.0001 3.31 0.9690 0.9342 0.8193 19.778 
 Sodium Sulfite* Qardatic < 0.0001 2.24 0.9750 0.9468 0.8065 18.408 
*NaOH(0.5%) catalyzed sodium sulfide or sodium sulfite 
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and experimental date. The value of R2 for each model was listed in the table 4.6, showed that 
each model was highly significant. The value of Adeq Precision (signal to noise ratio) in each 
mathematical model was greater than 4.0 which suggest the adequate signals. Its value greater 
than 4.0 suggests that model can be used to navigate the design space (Help of Design Expert).      
4.12 Response surface quadratic model analysis of variance (ANOVA) for 
enzymatic sascharification  
4.12.1Analysis of variance for saccharification of water hyacinth 
             Response surface methodology is employed to evaluate the effect of individual and 
combined interaction between catalyst concentration, temperature and time on pretreatment of 
biomass for improvement in enzymatic digestion. A mathmatical model (second–order) was 
obtained and statistically evaluated through analysis of variance (ANOVA) for each catalyst. 
Quadratic models (a,b,c& d) based upon sulphuric acid(a), hydrochloric acid (b), phosphoric 
acid(c) and maleic acid (d) are significant with p-<0.05 (table 4.7) used for pretreatment of water 
hyacinth. In model ‘a’, the main effects; sulphuric acid concentartion, temperature and 
residence time for pretreatment are found to be significant (p-<0.05), while in model ‘b’ 
(hydrochloric acid) all three independent variables are significants.  For model ‘c’  & ‘d’ the 
main effects; phosphoric acid(c) and maleic acid(d)  concentartion, temperature and time of 
pretreatmnt are significant having p <0.0001. First order interaction terms in model ‘a’; 
sulphuric acid concentartion × time for pretreatment, sulphuric acid concentartion × 
temperature for pretreatment, time for pretreatment ×  temperature for pretreatment are 
significant with p- value lesser than 0.05. While in model ‘b’ first order interaction terms; 
hydrochloric acid concentartion × time of pretreatment, hydrochloric acid concentartion × 
temperature of pretreatment are depicted to be significant (p-<0.05) and time of pretreatment × 
temperature of pretreatment is not significant. First order interaction terms in model ‘c’; 
phosphoric acid concentartion × time for pretreatment, phosphoric acid concentartion × time 
for pretreatment and time for pretreatment × temperature for pretreatment are significant (p-
<0.05). In model ‘d’ first order interaction terms; maleic acid concentartion × time of 
pretreatment, maleic acid concentartion × temperature of pretreatment and time of pretreatment 
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× temperature of pretreatment is depicted to be significant with p value <0.05. The value of 
sum of square (SS, PRESS) indicates the fitness of each point in design of a particular model.  
Quadratic models (e, f & g) for sodium hydroxide(e), sodium sulfide (f), sodium sulfite(g) are 
significant having 0.0001 “prob > F” value (table 4.8) used for pretreatment of water hyacinth. 
In these models, the main effects;  catalyst concentartion, temperature and  time of pretreatment 
are found to be significant with less than 0.05 value of “p”. First order interaction terms in 
model ‘e’; sodium hydroxide concentartion × time for pretreatment, sodium hydroxide 
concentartion × temperature for pretreatment, time for pretreatment × temperature for 
pretreatment were not significant (p->0.05). First order interaction terms in model ‘f’; sodium 
sulfide concentartion × time for pretreatment,  time for pretreatment × temperature for 
pretreatment are not significant (p->0.05) while sodium sulfide concentartion × time for 
pretreatment is significant (p-<0.05). While in model ‘g’ first order interaction terms; sodium 
sulfite concentartion × time of pretreatment, sodium sulfite concentartion × temperature of 
pretreatment are depicted to be significant (p-<0.05)  while time of pretreatment × temperature 
of pretreatment is not significant (p->0.05). The viability of the current model residuals and the 
variability between reflections at replicate points of the factors were determine the value of lack 
of fit test. Statistically, p-value can determine the significancy of the lack of fit test. It is 
significant with p-value less than 0.05 which may be due to some systematic variations 
unaccounted for in the model or exact replicate of the independent variables that provide 
estimation of pure error. The lack of fit value 1.29 indicates that there is 44.54% chance that the 
high value of lack of fit F-Value  is due to the noise. This employed that the model equation is 
adequate for prediction of  hydrolysis yield.  
4.12.2Analysis of variance for saccharification of corncob 
The interaction effect of individual and combined factors on pretreatmnet of corncob is 
ascertained from RSM for maximum hydrolysis yield. Analysis of variance (ANOVA) of data 
obtained for each catalyst used during pretreatment is done and summerized in table 4.9 & 
4.10. Quadratic models(a,b,c& d) for catalyst  sulphuric acid(a), hydrochloric acid (b), phosphoric 
acid(c) and maleic acid(d) are significant with p-<0.05 used for pretreatment of corncob. In 
model ‘a’, the main effects; sulphuric acid concentartion, temperature and residence time for  
 
 120 
 
Table 4.7: Analysis of variance for enzymatic hydrolysis of water hyacinth during acidic pretreatment 
 
Source Df SS (MS)a SS  (MS)b SS  (MS)c 
 
SS  (MS)d 
F Value 
(p-value) a 
F Value 
(p-value) b 
F Value 
(p-value) c 
 
 
F Value 
(p-value) d 
 
 
Model 9 556.53(61.84) 570.35(63.37) 772.15(85.79) 660.35(73.37) 47.19(<0.0001) 
  
31.89 (< 0.0001) 24.10 (< 0.0001) 53.73 (< 0.0001) Significant 
A-Acid 
Concentration 
1 
7.80(7.84) 20.19(20.19) 24.81(24.81) 7.8(7.80) 
5.95(0.0406) 10.16 ( 0.0129) 6.97 (0.0297) 5.71 (0.0439)  
B-Time 1 7.63(7.36) 19.19(19.19) 61.33(61.33) 25.39(25.39) 5.82 (0.0423) 9.65 (0.0145) 17.23(0.0032) 18.59(0.0026)  
C-Temp. 1 295.85(295.84) 365.14(365.14) 431.79(431.79) 365.9(365.9) 225.76(<0.0001) 183.72 (< 
0.0001) 
121.29 <0.0001) 267.81 <0.0001)  
AB 1 12.95(12.95) 15.76(15.76) 20.51(20.51) 0.41(0.41) 9.86(0.0147) 
 
 
) 
7.93(0.0226) 5.76(0.0432) 0.30(0.597)  
AC 1 64.87(64.87) 15.60(15.60) 64.81(64.81) 76.76(76.76) 49.50 (0.000i) 7.85 (0.0232) 18.20 (0.0027) 56.19 (<0.0001)  
BC 1 23.87(23.87) 2.813E-003(2.8 
13E-003 
58.37(58.37) 31.28(31.28) 18.22 (0.0027) 1.415E-003 
(0.9709) 
16.40 (0.0037) 22.90 (0.0014)  
A2 
1 18.91(18.91) 20.66(20.66) 3.40(3.40) 23.83(23.83) 14.43(0.0052) 10.39 (0.0122) 0.96 (0.3569) 17.45 (0.0031)  
B2 1 75.99(75.99) 75.43(75.43) 41.94(41.94) 41.94(41.94) 57.99 (<0.0001) 37.95 (0.0003) 11.78 (0.0089) 48.80 (0.0001)  
C2 
1 6.36(6.36) 0.32(0.32) 2.43(2.43) 66.66(66.66) 4.85(0.0587) 0.16 (0.6966) 0.68 (0.4325) 5.35 (0.0494)  
Residual  8 10.48(1.31) 15.90(1.99) 28.48(3.56) 10.93(1.37)      
Lack of Fit 
5 
7.151(1.41) 12.97(2.59) 26.58(5.32) 7.86(1.57) 
1.29 (0.4454) 2.66 ( 0.2252) 8.41 ( 0.0549) 1.53 (0.3847) 
Not 
significant 
Pure Error 
3 
3.34(1.11) 2.93(.98) 1.90(.63) 3.07(1.02) 
     
Cor Total  17 567.01 586.25 800.63 671.28      
Where 
SS(MS) = Sum of squares(Mean square) 
a =  quadratic model based on experimental results of sulphuric acid catalyzed enzymatic hydrolysis of water hyacinth 
b = quadratic model based on experimental results of hydrochloric acid catalyzed enzymatic hydrolysis of water hyacinth 
c = quadratic model based on experimental results of phosphoric acid catalyzed enzymatic hydrolysis of water hyacinth 
d = quadratic model based on experimental results of maleic acid catalyzed enzymatic hydrolysis of water hyacinth 
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Table 4.8: Analysis of variance for enzymatic hydrolysis of water hyacinth during alkali, sulfide & sulfite pretreatment 
Source Df SS (MS)e SS  (MS)f SS  (MS)g 
F Value 
(p-value) e 
F Value 
(p-value) f 
F Value 
(p-value) g 
 
 
 
Model 
9 
901.39(100.15) 1189.95(132.22) 990.81(110.09) 65.07(<0.0001) 
 
22.37 (< 0.0001) 49.57 (< 0.0001) Significant 
A-Cat. 
Concentration 
1 
29.53(29.53) 31.97(31.97) 57.74(57.74) 19.18(0.0023) 5.41 ( 0.0485) 26.0 (0.0009)  
B-Time 
1 
30.06(30.06) 38.25(38.25) 22.87(22.87) 19.53 (0.0022) 6.47 (0.0345) 10.3(0.0124)  
C-Temp. 1 647.85(647.85) 786.77(786.77) 744.94(744.94) 420.89(<0.0001) 133.02 (< 0.0001) 335.42<0.0001)  
AB 
1 
5.59(5.59) 25.99(25.99) 5.75(5.75) 3.63(0.0930) 
 
 
) 
4.40(0.0693) 2.59(0.0464)  
AC 
1 
7.51(7.51) 44.27(44.27) 19.72(19.72) 4.88 (0.0582) 7.49 (0.0256) 8.88 (0.0176)  
BC 
1 
8.02(8.02) 19.78(19.78) 8.000E-004(same) 5.21 (0.0519) 3.35 (0.1081) 3.602E-004 (0.9853)  
A2 1 
4.02(4.02) 7.15 (7.15) 17.83(17.83) 2.61(0.1449) 1.21(0.3033) 8.03 (0.0220)  
B2 1 
68.28(68.28) 19.33(19.33) 68.92(68.92) 44.36 (0.0002) 3.27(0.1081) 31.03 (0.0005)  
C2 1 42.31(42.31) 78.23(78.23) 23.37(23.37) 27.81(0.0008) 13.23 (0.0066) 10.52 (0.0118)  
Residual  
8 
12.31(1.54) 47.29(5.91) 17.77(2.22)     
Lack of Fit 
5 
6.68(1.34) 37.89(7.58) 14.78(2.96) 0.71 (0.6562) 2.42 ( 0.2491) 2.97 ( 0.1997) Not significant 
Pure Error 
3 
5.64(1.88) 9.40(3.13) 2.99(1.00)     
Cor Total  
17 
913.71 1237.25 1008.58     
Where  
SS(MS) = Sum of squares(Mean square) 
e =  quadratic model based on experimental results of sodium hydroxide catalyzed enzymatic hydrolysis of water hyacinth 
f = quadratic model based on experimental results of sodium sulfide catalyzed enzymatic hydrolysis of water hyacinth 
g = quadratic model based on experimental results of sodium sulfite catalyzed enzymatic hydrolysis of water hyacinth 
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pretreatment are found to be significant (p-<0.05), while in model ‘b’ (hydrochloric acid) all 
the three independent variables are significant. For model ‘c’  & ‘d’ the main effects; 
phosphoric acid(c) and maleic acid(d)  concentartion, temperature and time of pretreatmnt are 
significant having (p<0.0001). First order interaction terms in model ‘a’; sulphuric acid 
concentartion × time for pretreatment, sulphuric acid concentartion × temperature for 
pretreatment, time for pretreatment × temperature for pretreatment are significant with p- value 
lesser than 0.05. First order interaction terms in model ‘b’; hydrochlloric acid concentartion × 
time for pretreatment, hydrochloric acid concentartion × time for pretreatment were significant 
(p-<0.05) but and time for pretreatment × temperature for pretreatment is not significant having 
p value 0.6986.  While in model ‘c’ first order interaction terms; phosphoric acid concentartion 
× time of pretreatment is not significant having p value 0.8900, whereas phosphoric acid 
concentartion × temperature of pretreatment and time of pretreatment × temperature of 
pretreatment are depicted to be significant (p-<0.05). In model ‘d’ first order interaction terms; 
maleic acid concentartion × time of pretreatment, maleic acid concentartion × temperature of 
pretreatment is depicted to be significant (p-<0.05)  while time of pretreatment × temperature 
of pretreatment is not significant having p value 02446.  
              Quadratic models (e, f & g) for sodium hydroxide(e), sodium sulfide (f), sodium 
sulfite(g) are significant having 0.0001 “prob >F” value (table 4.9) used for pretreatment of 
water hyacinth. In these models, the main effects;  catalyst concentartion, temperature and  time 
of pretreatment are found to be significant with less than 0.05 value of “p”. Effect of teprature 
is more significant with p value less than 0.0001. First order interaction terms in model ‘e’; 
Sodium hydroxide concentartion × time for pretreatment is not significant (p=0.1818) while 
sodium hydroxide concentartion × temperature for pretreatment, time for pretreatment × 
temperature for pretreatment were depicted to be significant (p<0.05). First order interaction 
terms in model ‘f’; sodium sulfide concentartion × time for pretreatment,  time for pretreatment 
× temperature for pretreatment are significant (p<0.05) while sodium sulfide concentartion × 
time for pretreatment is significant (p-<0.05). While in model ‘g’ first order interaction terms; 
sodium sulfite concentartion × temperature of pretreatment and time of pretreatment × 
temperature of pretreatment are depicted to be significant (p-<0.05) while sodium sulfite 
concentartion × time of pretreatment is not significant p value 0.2762. 
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Table 4.9: Analysis of variance for enzymatic hydrolysis of corncob during acidic pretreatment 
Source Df SS (MS)a SS  (MS)b SS  (MS)c 
 
SS  (MS)d 
F Value 
(p-value) a 
F Value 
(p-value) b 
F Value 
(p-value) c 
 
 
F Value 
(p-value) d 
 
 
 
Model 9 469.79(52.20) 771.86(85.76) 600.51(66.72) 624.60(69.40) 25.91(<0.0001) 
 
25.56 (< 0.0001) 29.26(<0.0001) 38.80(<0.0001) Significant 
A-Acid 
Concentration 
1 
11.19(11.19) 20.91(20.91) 25.38(25.38) 21.17(21.17) 
5.56(0.0462) 6.23( 0.0371) 11.13(0.0103) 11.84(0.0088)  
B-Time 1 18.33(18.33) 32.12(32.12) 63.84(63.84) 21.71(21.71) 9.10(0.0166) 9.57(0.0148) 28.00(0.0007) 12.14(0.0083)  
C-Temp. 1 274.07(274.07) 570.94(570.94) 323.99(323.99) 341.48(341.48) 136.03(<0.0001) 170.19(< 0.0001) 142.10(<0.0001) 190.94(<0.0001)  
AB 1 0.36(0.36) 55.02(55.02) 0.047(0.047) 34.49(34.49) 0.18(0.0186) 
 
 
) 
16.40(0.0037) 0.020(0.8900) 19.28(0.0023)  
AC 1 21.48(21.48) 23.32(23.32) 41.36(41.36) 29.38(29.38) 10.66(0.0114) 6.95(0.0299) 18.14(0.0028) 16.43(0.0037)  
BC 1 11.12(11.12) 0.54(0.54) 36.25(36.25) 2.89(2.89) 5.52(0.0468) 0.16(0.6986) 15.90(0.0040) 1.58(0.2446)  
A2 1 25.42(24.42) 3.09(3.09) 1.90(1.90) 10.02(10.02) 12.62(0.0075) 0.92(0.3652) 0.83(0.3883) 5.60(0.0454)  
B2 1 67.41(67.41) 52.43(52.43) 44.75(44.75) 54.27(54.27) 33.46(0.0004) 15.63(0.0042) 19.62(<0.0022) 30.35(<0.0006)  
C2 1 
2.42(2.42) 9.02(9.02) 1.95(1.95) 23.58(23.58) 
1.20(0.3047) 2.69(0.1398) 0.86(0.3822) 13.18(0.0067)  
Residual  8 16.12(2.01) 26.84(3.35) 18.24(2.28) 14.31(1.79)      
Lack of Fit 
5 
12.31(2.46) 17.75(3.55) 16.34(3.27) 11.07(2.20) 
1.94(0.3105) 1.17(0.4781) 5.17(0.1034) 2.01(0.3008) 
Not 
significant 
Pure Error 
3 
3.81(1.27) 9.09(3.03) 1.90(0.60) 3.30(1.10) 
     
Cor Total  17 489.91 798.69 618.75 638.91      
Where 
SS(MS) = Sum of squares(Mean square) 
a =  quadratic model based on experimental results of sulphuric acid catalyzed enzymatic hydrolysis of  corncob 
b = quadratic model based on experimental results of hydrochloric acid catalyzed enzymatic hydrolysis of corncob 
c = quadratic model based on experimental results of phosphoric acid catalyzed enzymatic hydrolysis of corncob 
d = quadratic model based on experimental results of maleic acid catalyzed enzymatic hydrolysis of corncob 
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 Table 4.10: Analysis of variance for enzymatic hydrolysis of corncob during alkali, sulfide & sulfite pretreatment  
Source Df SS (MS)e SS  (MS)f SS  (MS)g 
F Value 
(p-value) e 
F Value 
(p-value) f 
F Value 
(p-value) g 
 
 
 
Model 9 702.73(78.08) 1627.90(180.89) 958.60(106.51) 21.03(0.0001) 
 
108.18(< 0.0001) 67.89(< 0.0001) Significant 
A-Catalyst 
Concentration 
1 
43.42(43.42) 72.41(72.41) 23.99(23.99) 11.65(0.0092) 43.31(0.0002) 15.29(0.0045)  
B-Time 1 39.42(39.42) 40.30(40.30) 43.82(43.82) 10.62(0.0116) 24.10(0.0012) 27.93(0.0007)  
C-Temp. 1 364.28(364.28) 1102.50(1102.50) 738.74(738.74) 98.11(<0.0001) 659.37(< 0.0001) 470.85(<0.0001)  
AB 1 7.94(7.94) 22.98(22.98) 2.14(2.14) 2.14(0.1818) 
 
 
) 
13.75(0.0060) 1.37(0.2762)  
AC 1 38.34(38.34) 102.53(102.53) 12.45(12.45) 10.32(0.0124) 61.32(<0.0001) 7.94(0.00226)  
BC 1 89.71(89.71) 30.89(30.89) 9.77(9.77) 24.16(0.0012) 18.47(0.0026) 6.23(0.0372)  
A2 1 2.96(2.96) 2.09(2.09) 0.45(0.45) 0.80(0.3980) 1.25(0.2958) 0.29(0.6025)  
B2 1 47.65(47.65) 21.64(21.64) 29.11(29.11) 12.83(0.0072) 12.94(0.0070) 18.55(0.0026)  
C2 1 4.84(8.95) 98.49(98.49) 26.88(26.88) 1.30(0.2868) 58.90(<0.0001) 17.13(0.0033)  
Residual  8 29.70(3.71) 13.38(1.67) 12.55(1.57)     
Lack of Fit 5 27.77(5.55) 11.29(2.26) 11.39(2.28) 8.62(0.4488) 3.25(0.1801) 5.87(0.0880) Not significant 
Pure Error 3 1.93(0.64) 2.08(0.69) 1.16(0.39)     
Cor Total  17 732.43 1641.34 971.15     
Where 
SS(MS) =  Sum of squares(Mean square) 
e =  quadratic model based on experimental results of sodium hydroxide catalyzed enzymatic hydrolysis of corncob 
f = quadratic model based on experimental results of sodium sulfide catalyzed enzymatic hydrolysis of corncob 
g = quadratic model based on experimental results of sodium sulfite catalyzed enzymatic hydrolysis of corncob 
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4.12.3Analysis of variance for saccharification of bagasse 
           The interaction effect of individual and combined factors on pretreatmnet of bagasse is 
ascertained from RSM for maximum hydrolysis yield. Analysis of variance (ANOVA) of data 
obtained for each catalyst used during pretreatment is done and summerized in table 4.11 & 
4.12. Quadratic models(a,b,c& d) for catalyst  sulphuric acid(a), hydrochloric acid (b), phosphoric 
acid(c) and maleic acid(d) are significant with <0.0001 “prob > F” value. In model ‘a’, the main 
effects; sulphuric acid concentartion, temperature and reaction time for pretreatment were 
found to be significant (p-<0.05), while in model ‘b’ hydrochloric acid concentartion and 
temperature were significant while time of pretreament is not significant..  For model ‘c’  & ‘d’ 
the main effects; phosphoric acid(c) and maleic acid(d)  concentartion, temperature and time of 
pretreatmnt were significant having (p<0.0001) (table 4.11). In all quadratic models, obtained 
for acid catalyzed pretreatmnet, the effect of temperature is more prominent having p value less 
than 0.0001. First order interaction terms in model ‘a’; sulphuric acid concentartion × time for 
pretreatment and sulphuric acid concentartion × temperature for pretreatment are significant 
with p- value lesser than 0.05.  For model ‘b’ first order interaction terms ; hydrochloric acid 
concentartion × time for pretreatment, hydrochloric acid concentartion × time for pretreatment 
were significant (p-<0.05) but time of pretreatment × temperature for pretreatment for model 
‘a’ & ‘b’ are not significant having p value 0.668 & 0.0567 respectively. While in model ‘c’ all 
first order interaction terms are depicted to be significant (p-<0.05). In model ‘d’ first order 
interaction terms; maleic acid concentartion × time of pretreatment, maleic acid concentartion × 
temperature of pretreatment and time of pretreatment × temperature of pretreatment have p- 
value less than 0.05 so depicted to be significant. 
Table 4.12 illustrate the sigificance of Quadratic models(e, f & g) describes the effect of 
sodium hydroxide(e), sodium sulfide (f), sodium sulfite(g) used during pretreatmnt of bagasse 
biomass. All three models are significant having <0.0001 “prob >F” value. In these models, the 
main effects;  catalyst concentartion, temperature and  time of pretreatment were found to be 
significant with <0.05 “p” value. Effect of temprature is more significant having p <0.0001. 
First order interaction terms in model ‘e’; Sodium hydroxide concentartion × time of 
pretreatment and time for pretreatment × temperature for pretreatment are not significant  
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Table 4.11: Analysis of variance for enzymatic hydrolysis of bagasse during acidic pretreatment 
Source Df SS (MS)a SS  (MS)b SS  (MS)c 
 
SS  (MS)d 
F Value 
(p-value) a 
F Value 
(p-value) b 
F Value 
(p-value) c 
 
 
F Value 
(p-value) d 
 
 
Model 9 568.36(63.15) 436.93(48.55) 711.61(79.07) 595.77(66.20) 58.33(<0.0001) 
 
24.44 (< 0.0001) 61.23(<0.0001) 26.29(<0.0001) Significant 
A-Acid 
Concentration 
1 
34.45(34.45) 12.97(12.97) 20.53(20.53) 19.35(19.35) 
 
31.82(0.0005) 6.35( 0.0339) 15.90(0.0040) 7.69(0.0242)  
B-Time 1 8.49(8.49) 5.01(5.01) 38.22(38.22) 15.77(15.77) 7.84(0.0232) 2.52(0.1510) 29.60(0.0006) 6.26(0.0368)  
C-Temp. 1 355.36(355.36) 290.51(290.51) 385.23(385.23) 368.69(368.69) 328.22(<0.0001) 146.25(< 
0.0001) 
298.31(<0.0001) 146.44(<0.0001)  
AB 1 9.37(9.37) 16.73(16.73) 20.10(20.10) 25.17(25.17) 8.66(0.0186) 
 
 
) 
8.42(0.0198) 15.56(0.0043) 10.00(0.0134)  
AC 1 11.62(11.62) 33.42(33.42) 41.77(41.77) 41.82(41.82) 10.73(0.0113) 16.82(0.0034) 32.35(0.0005) 16.61(0.0036)  
BC 1 4.87(4.87) 9.83(9.83) 16.02(16.02) 38.94(38.94) 4.50(0.0668) 4.95(0.0567) 12.40(0.0078) 15.47(0.0043)  
A2 1 22.15(22.15) 14.92(14.92) 10.52(10.52) 7.10(7.10) 20.45(0.0019) 7.51(0.0254) 8.14(0.0214) 2.82(0.1316)  
B2 1 82.68(82.68) 1.76(1.76) 73.86(73.86) 57.76(57.76) 76.36(<0.0001) 0.88(0.3747) 57.19(<0.0001) 22.94(0.0014)  
C2 
1 
2.40(2.40) 19.96(19.96) 14.94(14.94) 3.36(3.36) 
2.22(0.1749) 10.05(0.0132) 11.57(0.0093) 1.34(0.2811)  
Residual  8 8.66(1.08) 15.89(1.99) 10.33(1.29) 20.14(2.52)      
Lack of Fit 
5 
4.92(0.98) 13.62(2.72) 9.24(1.85) 17.39(3.48) 
0.79(0.6207) 3.59(0.1607) 5.07(0.1059) 3.79(0.1512) 
Not 
significant 
Pure Error 
3 
3.75(1.25) 2.27(0.76) 1.09(0.36) 2.76(0.92) 
     
Cor Total  17 577.02 452.82 721.94 615.91      
Where 
SS(MS) = Sum of squares(Mean square) 
a =  quadratic model based on experimental results of sulphuric acid catalyzed enzymatic hydrolysis of  bagasse 
b = quadratic model based on experimental results of hydrochloric acid catalyzed enzymatic hydrolysis of bagasse 
c = quadratic model based on experimental results of phosphoric acid catalyzed enzymatic hydrolysis of bagasse 
d = quadratic model based on experimental results of maleic acid catalyzed enzymatic hydrolysis of bagasse 
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Table 4.12: Analysis of variance for enzymatic hydrolysis of bagasse during alkali, sulfide & sulfite pretreatment 
Source Df SS (MS)e SS  (MS)f SS  (MS)g 
F Value 
(p-value) e 
F Value 
(p-value) f 
F Value 
(p-value) g 
 
 
 
Model 9 1202.50(133.61) 1392.09(154.69) 834.55(92.73) 18.19(<0.0001) 
 
27.98(< 0.0001) 56.90 (< 0.0001) Significant 
A-Catalyst 
Concentration 
1 
38.34(38.34) 69.64(69.64) 26.63(26.63) 5.22(0.0517) 12.60 (<0.0075) 16.34 (0.0037)  
B-Time 1 57.69(57.69) 65.06(65.06) 27.19(27.19) 7.85 (0.0231) 11.89(0.0089) 16.68(0.0035)  
C-Temp. 1 884.54(884.54) 1007.01(1007.01) 620.63(620.63) 120.4(<0.0001) 187.17 (< 0.0001) 380.82(<0.0001)  
AB 1 22.55(22.55) 58.16(58.16) 0.21(0.11) 3.07(0.1179) 
 
 
) 
10.52(0.0118) 0.13(0.7262)  
AC 1 48.66(44.86) 36.34(36.34) 6.39(6.39) 6.65(0.0327) 6.57(0.0334) 3.92 (0.0830)  
BC 
1 
25.17(25.17) 2.57(19.50) 24.54(24.54) 3.43(0.1013) 0.46(0.5150) 15.05(0.0047)  
A2 1 1.85(1.85) 2.76(2.76) 1.07(1.07) 0.25(0.6297) 0.50(0.4998) 0.66 (0.4408)  
B2 1 41.75(41.75) 8.43(8.43) 25.42(25.42) 5.68 (0.0443) 1.57(0.2518) 15.60(0.0042)  
C2 1 8.95(8.95) 57.35(57.35) 30.76(30.76) 1.22(0.3018) 10.37(0.0122) 18.88(0.0025)  
Residual  8 58.78(7.35) 44.22(5.53) 13.04(1.63)     
Lack of Fit 5 39.95(7.99) 30.42(6.08) 10.79(2.16) 1.27(0.4488) 1.32(0.4355) 2.89 ( 0.2060) Not significant 
Pure Error 3 18.83(6.28) 13.8(4.60) 2.24(0.75)     
Cor Total  17 1261.28 1436.32 847.59     
Where 
SS(MS) = Sum of squares(Mean square) 
e =  quadratic model based on experimental results of sodium hydroxide catalyzed enzymatic hydrolysis of bagasse 
f = quadratic model based on experimental results of sodium sulfide catalyzed enzymatic hydrolysis of bagasse 
g = quadratic model based on experimental results of sodium sulfite catalyzed enzymatic hydrolysis of bagasse 
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(p=0.1179,0.1013) while sodium hydroxide concentartion × temperature for pretreatment is 
depicted to be significant (p<0.05). First order interaction terms in model ‘f’; sodium sulfide 
concentartion × time for pretreatment and sodium sulfide concentartion × time for pretreatment 
are significant (p<0.05) while time of pretreatment × temperature for pretreatment is not 
significant (p-<0.5150). While in model ‘g’ first order interaction terms; sodium sulfite 
concentartion × time of pretreatment and sodium sulfite concentartion × temperature of 
pretreatment are not significant (p->0.05) whereas time of pretreatment × temperature for 
pretreatment is depicted to be significant with p value <0.05. 
4.12.4Analysis of variance for saccharification of banana stem 
The effect of individual and combined interaction between catalyst concentration, 
temperature and time on pretreatment of banana stem is assessed through RMS. Aanalysis of 
variance was done for each second order mathematical model for statistical evaluation of eac h 
factor and their interaction (table 4.13 & 4.14). Quadratic models(a,b,c& d) obtained when 
sulphuric acid(a), hydrochloric acid (b), phosphoric acid(c) and maleic acid(d)  is used as a 
catalyst, are found to be significant with p-<0.05. In model ‘a’, main effects; sulphuric acid 
concentartion, temperature and residence time for pretreatment are found to be significant (p-
<0.05), while in model ‘b’ (hydrochloric acid) all the three independent variables are depicted 
to be significant.  For model ‘c’  & ‘d’ the main effects; phosphoric acid(c) and maleic acid(d)  
concentartion, temperature and time of pretreatmnt are significant having (p =0.0001). First 
order interaction terms in model ‘a’; sulphuric acid concentartion × time for pretreatment,  
sulphuric acid concentartion × temperature for pretreatment, time for pretreatment × 
temperature for pretreatment are not significant with p- value higher than 0.05. First order 
interaction term in model ‘b’; hydrochloric acid concentartion × temperature for pretreatment is 
significant, while hydrochloric acid concentartion × time for pretreatment and time for 
pretreatment × temperature for pretreatment were not significant (p->0.05). While in model ‘c’ 
first order interaction terms; phosphoric acid concentartion × time of pretreatment, phosphoric 
acid concentartion × temperature of pretreatment and time of pretreatment × temperature of 
pretreatment are depicted to be significant (p-<0.05). In model ‘d’ first order interaction terms; 
maleic acid concentartion × time of pretreatment, maleic acid concentartion × temperature of 
pretreatment and time of pretreatment × temperature of pretreatment are significant (p->0.05). 
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The value of sum of square (SS, PRESS) indicates the fitness of each point in design in a 
particular model. Lack of fit of all these models are not significant. Quadratic models(e, f & g) 
obtained for sodium hydroxide(e), sodium sulfide (f), sodium sulfite(g) pretreatment are 
significant having p value <0.0001. The independent factors such as catalyst concentartion, 
temperature and  time of pretreatment are found to be significant with p- value<0.05. First 
order interaction terms in model ‘e’; Sodium hydroxide concentartion × time for pretreatme nt, 
sodium hydroxide concentartion × temperature for pretreatment, time for pretreatment × 
temperature for pretreatment are not significant (p->0.05). First order interaction terms in 
model ‘f’; sodium sulfide concentartion × time for pretreatment is not significant (p->0.05), 
while sodium sulfide concentartion × temperature for pretreatment,  time for pretreatment × 
temperature for pretreatment are significant (p-<0.05). While in model ‘g’ first order interaction 
terms; sodium sulfite concentartion × time of pretreatment, sodium sulfite concentartion × 
temperature of pretreatment and time of pretreatment × temperature of pretreatment is not 
significant (p->0.05). Lack of fit of all three models are not significant. 
4.12.5 Analysis of variance for saccharification of rice husk 
The effect of individual and combined interaction between catalyst concentration, 
temperature and time on pretreatment of rice husk is evaluated. A second–order model was 
obtained and statistically evaluated by analysis of variance (ANOVA) for each catalyst. 
Quadratic models (a,b,c& d) based upon sulphuric acid(a), hydrochloric acid(b), phosphoric 
acid(c) and maleic acid(d) is significant with p-<0.05 used for pretreatment of water hyacinth 
(table 4.15). In model ‘a’, the main effects; sulphuric acid concentartion, temperature and time 
for pretreatment are found to be significant (p-<0.05), while in model ‘b’ the effect of 
hydrochloric acid concentartion and temperature were significant whereas time is not 
significant for this treatment. For model ‘c’  & ‘d’ main effects; phosphoric acid(c) and maleic 
acid(d)  concentartion and temperature for pretreatmnt are significant having (p =0.0001) 
whereas time is not significant. 
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Table 4.13: Analysis of variance for enzymatic hydrolysis of banana pseudo-stem during acidic pretreatment 
Source Df SS (MS)a SS  (MS)b SS  (MS)c 
 
SS  (MS)d 
F Value 
(p-value) a 
F Value 
(p-value) b 
F Value 
(p-value) c 
 
 
F Value 
(p-value) d 
 
 
Model 9 482.37(53.60) 467.04(51.89) 596.15(66.24) 708.05(78.68) 22.25(<0.0001) 
 
27.21 (< 0.0001) 18.06 (0.0002) 32.47 (<0.0001) Significant 
A-Acid 
Concentr
ation 
1 
17.61(17.61) 19.74(19.74) 4.16(4.16) 13.00(13.00) 
7.31(0.0269) 10.35( 0.0123) 1.13 (0.3180) 5.36 (0.0492)  
B-Time 1 14.61(14.61) 12.62(1.79) 24.68(24.68) 28.00(28.00) 6.06 (0.0392) 6.60 (0.0330) 6.73(0.0319) 11.56(0.0094)  
C-Temp. 1 289.43(289.43) 369.30(312.30) 343.70(343.70) 482.30(482.30) 120.16(<0.0001) 193.65 (< 0.0001) 93.69 (<0.0001) 199.04 (<0.0001)  
AB 1 4.40(4.40) 5.97(5.97) 21.06(21.06) 6.68(6.68) 1.82(0.2137) 
 
 
) 
3.13(0.1148) 5.74(0.0434) 2.76(0.1354)  
AC 1 10.01(10.01) 12.58(12.58) 58.75(58.75) 55.49(55.49) 4.16(0.0758) 6.59 (0.0332) 16.02 (0.0039) 22.90 (0.0014)  
BC 1 10.79(10.79) 9.40(9.40) 31.60(31.60) 9.01(9.01) 4.48(0.0672) 4.92(0.0572) 8.61(0.0189) 3.72(0.0900)  
A2 1 16.42(16.42) 8.51(8.51) 0.94(0.94) 0.72(0.72) 6.82(0.0311) 4.46(0.0676) 0.26 (0.6262) 0.30 (0.5997)  
B2 1 75.72(75.72) 19.72(19.72) 63.48(63.48) 50.66(50.66) 31.44 (0.0005) 10.34 (0.0123) 17.31(0.0023) 20.91(0.0018)  
C2 
1 
2.66(2.66) 1.97(1.97) 3.988E-
005(same) 
2.12(2.12) 
1.10(0.3240) 1.03 (0.3392) 
1.087E-
005(0.9975) 
0.88(0.3767)  
Residual  8 19.27(2.41) 15.26(1.91) 29.35(3.63) 19.39(2.42)      
Lack of 
Fit 
5 
16.60(3.32) 13.98(2.80) 24.21(4.84) 18.06(3.61) 
3.73(0.1540) 6.55(0.0764) 2.83(0.2106) 8.16(0.0571) 
Not 
significant 
Pure 
Error 
3 
2.67(0.89) 1.28(0.43) 5.13(1.71) 1.33(0.44) 
     
Cor 
Total 
17 
501.64 482.29 625.50 727.44 
     
Where 
SS(MS) = Sum of squares(Mean square) 
a =  quadratic model based on experimental results of sulphuric acid catalyzed enzymatic hydrolysis of banana pseudo-stem 
b = quadratic model based on experimental results of hydrochloric acid catalyzed enzymatic hydrolysis of banana pseudo-stem 
c = quadratic model based on experimental results of phosphoric acid catalyzed enzymatic hydrolysis of banana pseudo-stem 
d = quadratic model based on experimental results of maleic acid catalyzed enzymatic hydrolysis of banana pseudo-stem 
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Table 4.14: Analysis of variance for enzymatic hydrolysis of banana pseudo-stem during alkali, sulfide & sulfite pretreatment  
Source Df SS (MS)e SS  (MS)f SS  (MS)g 
F Value 
(p-value) e 
F Value 
(p-value) f 
F Value 
(p-value) g 
 
 
 
Model 9 938.31(104.26) 1435.98(159.55) 745.40(82.82) 59.89(<0.0001) 
 
63.04 (< 0.0001) 65.15 (< 0.0001) Significant 
A-Catalyst 
Concentration 
1 
56.04(56.04) 150.09(150.39) 12.34(12.34) 32.19(0.0005) 59.42 ( <0.0001) 9.71 (0.0143)  
B-Time 1 47.28(47.28) 40.39(40.39) 17.42(17.42) 27.16 (0.0008) 15.96 (0.0040) 13.70(0.0060)  
C-Temp. 1 740.14(740.14) 1078.07(1078.07) 621.42(621.42) 425.14(<0.0001) 425.92 (< 0.0001) 488.83(<0.0001)  
AB 1 0.42(0.42) 4.98(4.98) 0.71(0.71) 0.24(0.6352) 
 
 
) 
1.97(0.1984) 0.56(0.4768)  
AC 1 0.99(0.99) 27.64(27.64) 3.78(3.78) 0.57 (0.4715) 10.92(0.0108) 2.97 (0.1229)  
BC 1 5.15(5.15) 19.50(19.50) 0.92(0.92) 2.96 (0.1237) 7.70(0.0241) 0.073(0.7942)  
A2 1 5.0(5.0) 6.14 (6.14) 8.98(8.98) 2.85(0.1285) 2.42(0.1581) 7.06 (0.0289)  
B2 1 63.05(63.05) 25.44(25.44) 10.41(10.41) 36.22 (0.0003) 10.05(0.0132) 8.19(0.0211)  
C2 
1 0.025(0.025) 12.29(12.29) 54.37(54.37) 0.014(0.9083) 4.85(0.0587) 42.77 (0.0002)  
Residual  8 13.93(1.74) 20.25(2.53) 81.85(81.85)     
Lack of Fit 5 11.88(2.38) 18.44(3.66) 10.17(1.27) 3.47 (0.1673) 6.13( 0.0832) 3.31 ( 0.1767) Not significant 
Pure Error 3 2.05(0.68) 1.80(0.60) 1.56(0.52)     
Cor Total  17 952.24 1456.23 755.57     
Where 
SS(MS) = Sum of squares(Mean square) 
e =  quadratic model based on experimental results of sodium  hydroxide catalyzed enzymatic hydrolysis of banana pseudo-Stem 
f = quadratic model based on experimental results of sod ium sulfide catalyzed enzymatic hydrolysis of banana pseudo-Stem 
g = quadratic model based on experimental results of sodium sulfite catalyzed enzymatic hydrolysis of banana pseudo-Stem
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         First order interaction terms in model ‘a’; sulphuric acid concentartion × time for 
pretreatment, time for pretreatment × temperature for pretreatment are not significant with p- 
value higher than 0.05 while sulphuric acid concentartion × temperature for pretreatment is 
significant. First order interaction terms in model ‘b’; hydrochloric acid concentartion × time 
for pretreatment, hydrochloric acid concentartion × time for pretreatment and time for 
pretreatment × temperature for pretreatment are significant (p-<0.05). While in model ‘c’ first 
order interaction terms; phosphoric acid concentartion × temperature of pretreatment is 
significant and phosphoric acid concentartion × time of pretreatment and time of pretreatment × 
temperature of pretreatment are not depicted to be significant (p-<0.05). In model ‘d’ first order 
interaction terms; maleic acid concentartion × temperature of pretreatment is depicted to be 
significant (p-<0.05)  while maleic acid concentartion × time of pretreatment and time of 
pretreatment × temperature of pretreatment are not significant having  p-value 0.5280 and 
0.3722 respectively. The value of sum of square (SS, PRESS) indicates the fitness of each point 
in design in a particular model. Lack of fit of all models are not significant.  
                Quadratic models (e, f & g) for sodium hydroxide(e), sodium sulfide (f), sodium 
sulfite(g) were significant having 0.0001 “prob > F” value (table 4.16) used for pretreatment of 
rice husk. In these models, the main effects;  catalyst concentartion, temperature and  time of 
pretreatment are found to be significant with less than 0.05 value of “p”. First order interaction 
terms in model ‘e’; Sodium hydroxide concentartion × time for pretreatment, sodium hydroxide 
concentartion × temperature for pretreatment, time for pretreatment × temperature for 
pretreatment are not significant (p->0.05). First order interaction terms in model ‘f’; sodium 
sulfide concentartion × time for pretreatment and sodium sulfide concentartion × time for 
pretreatment are significant (p->0.05) while time for pretreatment × temperature for 
pretreatment is not significant (p-<0.05).  In model ‘g’ first order interaction terms; sodium 
sulfite concentartion × time of pretreatment, sodium sulfite concentartion × temperature of 
pretreatment and time of pretreatment × temperature of pretreatment depicted to be not 
significant (p-<0.05). Lack of fit of all three models are not significant. 
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Table 4.15: Analysis of variance for enzymatic hydrolysis of rice husk during acidic pretreatment 
Source Df SS (MS)a SS  (MS)b SS  (MS)c 
 
SS  (MS)d 
F Value 
(p-value) a 
F Value 
(p-value) b 
F Value 
(p-value) c 
 
 
F Value 
(p-value) d 
 
 
Model 9 488.41(54.27) 484.82(53.84) 533.42(59.27) 532.85(59.21) 32.22(<0.0001) 
 
11.57 ( 0.0011) 20.36 ( 0.0001) 70.50(< 0.0001) Significant 
A-Acid 
Concentration 
1 23.69(23.69) 26.08(26.08) 28.87(28.87) 15.23(15.23) 14.06(0.0056) 5.60 ( 0.0454) 9.91 (0.0136) 18.13 (0.0028)  
B-Time 1 22.26(22.26) 1.79(1.79) 14.98(14.98) 16.44(16.44) 13.21 (0.0066) 0.39 (0.5922) 5.15(0.0530) 19.57(0.0022)  
C-Temp. 1 279.04(279.04) 312.29(312.29) 313.99(313.99) 344.08(344.08) 165.69(<0.0001) 67.09 (< 0.0001) 107.85 
(<0.0001) 
409.73 
(<0.0001) 
 
AB 1 0.47(0.47) 21.75(21.75) 14.04(14.04) 0.37(0.37) 0.28(0.6133) 
 
 
) 
4.67(0.0626) 4.82(0.0593) 0.44(0.5280)  
AC 
1 
23.50(23.50) 33.09(33.09) 31.60(31.60) 22.21(22.21) 
13.95 (0.0057) 7.11 (0.0285) 10.85 (0.0109) 26.45 (0.0009)  
BC 1 2.89(2.89) 0.012(0.012) 0.054(0.054) 0.75(0.75) 1.72 (0.2264) 2.581E-003 
(0.9607) 
0.019 (0.8946) 0.89 (0.3722)  
A2 1 18.86(18.86) 3.92(3.92) 14.74(14.74) 19.26(19.26) 11.20(0.0101) 0.84 (0.3858) 5.06 (0.0545) 22.94(0.0014)  
B2 1 66.92(66.92) 74.77(74.77) 59.99(41.94) 55.07(55.07) 39.50 (0.0002) 16.06 (0.0039) 20.61 (0.0019) 65.58 (<0.0001)  
C2 1 4.75(4.75) 0.54(0.54) 6.92(6.92) 9.18(9.18) 2.82(0.1317) 0.12 (0.7428) 2.38 (0.1618) 10.93 (0.0108)  
Residual  8 13.47(1.68) 37.24(4.65) 23.29(2.91) 6.72(0.84)      
Lack of Fit 
5 
9.78(1.96) 33.06(6.61) 20.87(4.17) 5.98(1.20) 
1.59 (0.3731) 4.75 ( 0.1149) 5.16 ( 0.1035) 4.83 ( 0.1127) 
Not 
significant 
Pure Error 3 3.69(1.23) 4.18(1.39) 2.42(0.81) 0.74(0.25)      
Cor Total  17 501.88 522.04 556.71 539.57      
Where 
SS(MS) = Sum of squares(Mean square) 
a =  quadratic model based on experimental results of sulphuric acid catalyzed enzymatic hydrolysis of rice husk 
b = quadratic model based on experimental results of hydrochloric acid catalyzed enzymatic hydrolysis of rice husk 
c = quadratic model based on experimental results of phosphoric acid catalyzed enzymatic hydrolysis of rice husk 
d = quadratic model based on experimental results of maleic acid catalyzed enzymatic hydrolysis of rice husk 
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Table 4.16: Analysis of variance for enzymatic hydrolysis of rice husk during alkali, sulfide & sulfite pretreatment 
 
Where 
SS(MS) = Sum of squares(Mean square) 
e =  quadratic model based on experimental results of sodium hydroxide catalyzed enzymatic hydrolysis of rice husk 
f = quadratic model based on experimental results of sodium sulfide catalyzed enzymatic hydrolysis of rice husk 
g = quadratic model based on experimental results of sodium sulfite catalyzed enzymatic hydrolysis of rice husk
Source Df SS (MS)e SS (MS)f  SS (MS)g 
F Value 
(p-value) e 
F Value 
(p-value) f  
F Value 
(p-value) g 
 
 
 
Model 9 783.21(87.02) 1399.28(155.48) 770.44(85.60) 57.17(<0.0001) 
 
27.82 (< 0.0001) 34.61 (< 0.0001) Significant 
A-Catalyst 
Concentration 
1 
52.78(52.78) 68.07(68.07) 17.32(17.32) 34.67(0.0004) 12.18 ( 0.0082) 7.0 (0.0294)  
B-Time 1 63.01(63.01) 64.21(64.21) 27.60(27.60) 41.39 (0.0002) 11.49 (0.0095) 11.16(0.0102)  
C-Temp. 
1 
534.75(534.75) 1015.26(1015.26) 615.60(615.60) 351.31(<0.0001) 181.70 (< 0.0001) 248.88<0.0001)  
AB 1 0.13(0.13) 56.07(56.07) 0.19(0.19) 0.082(0.7817) 
 
 
) 
10.04(0.0132) 0.075(0.7908)  
AC 1 5.02(5.02) 39.34(39.34) 5.31(5.31) 3.30 (0.1068) 7 .04 (0.0291) 2.15 (0.1809)  
BC 1 0.11(0.11) 3.0(3.0) 1.79(1.79) 0.070 (0.7987) 0.54 (0.4845) 0.72(0.4202)  
A2 1 11.54(11.54) 3.20 (3.20) 13.50(13.50) 7.58(0.0249) 0.57(0.4709) 5.46 (0.0477)  
B2 1 83.83(83.83) 8.59(8.59) 2.31(2.31) 55.07 (<0.0001) 1.54(0.2501) 1.14 (0.3169)  
C2 1 1.63(1.63) 55.75(55.75) 23.82(23.82) 1.07(0.3305) 9.98 (0.0134) 33.09 (0.0004)  
Residual  8 12.18(1.52) 44.70(5.59) 81.85(81.85)     
Lack of Fit 
5 
10.83(2.17) 30.15(6.04) 19.79(2.47) 4.93 (0.1096) 1.24 ( 0.4571) 4.15 ( 0.1357) Not 
significant 
Pure Error 3 1.32(0.44) 14.55(4.85) 17.29(2.46)     
Cor Total  17 795.39 1443.98 790.23     
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4.13 Effect of pretreatment on the composition of feed stock 
4.13.1 Water hyacinth 
              Pretreatment has prevailing effect on the removal of biomass components. Acids 
extract almost ~87.0% extractives during optimal pretreatment which is more as compared to 
alkali and sulfite/sulfide catalyzed pretreatment. Among acids, sulphuric acid and hydrochloric 
acid remove more extractives (~3.0- 5.0%) as exposed in figure 33a. At optimal pretreatment 
conditions, removal of lignin behaves differently (Figure 33b). Its amount increases during acid 
catalyzed pretreatment which is due to the removal of hemicellulose part, present in water 
hyacinth which results an increase in amount of remaining components. During sulphuric acid, 
catalyzed pretreatment, amount of lignin reaches at 11.23% of the dry biomass which is greater 
as compared to other acidic pretreatments. The amount of lignin present after pretreatment with 
hydrochloric acid, maleic acid and phosphoric acid are as 8.91, 9.16 and 10.08% respectively. 
Alkaline treatments such as NaOH, Ca(OH)2 or ammonia were well employed for the 
delignification of lignocellulosic biomass to obtain the pure cellulose for enzymatic hydrolysis, 
among them, NaOH is the most one applied for pretreatment of biomass [23]. It causes 
swelling of biomass structure, decrease in crystallinity, and separation of structural linkages 
between cellulose, hemicellulose and lignin which results in removal of lignin [24]. These 
structural changes will create empty spaces between the cellulose which helps to breach the 
water and enzyme for its digestion. Xu et al., (2010) [315] obtained 85.0% reduction in lignin 
with 2.0% NaOH at 121.0 oC for 1.0 hr pretreatment time and 77.0% at 50.0 oC when 
pretreatment was done for 48.0 hr with 2.0% NaOH.  The effect of caustic concentration on the 
reduction of lignin is significant (P <0.05) as verified by Xu et al., (2010) and Silverstein et al., 
(2007) [315, 184]. Wyman et al., (2005) [291] and Chang and Holtzapple (2000) [316] 
demonstrated a low cost method of lignin removal from biomass by using alkali catalyst d uring 
pretreatment which removes 33.0% lignin along with 100.0% removal of acetyl groups. 
Pretreatment with NaOH and NaOH catalyzed sulfide and sulfide removed almost complete 
lignin (~ 93.0 – 95%) which is greater than the results obtained with 1.0% NaOH. 
Hemicellulose, a heterogeneous polysaccharide has weak ester linkage. This ester linkage 
easily digests into component sugars with 1.0% acid concentration at temperature 120-130.0%, 
resulting in very small quantity after acid pretreatment [314]. Sulphuric acid and maleic acid 
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almost completely hydrolyze the hemicellulose during pretreatment at optimal conditions, 
followed the effectiveness of phosphoric acid and hydrochloric acid which remove 95-97% 
hemicellulose. NaOH, NaOH catalyzed Na2S and Na2SO3 hydrolyze 85-95% hemicellulose at 
optimal conditions. Caustic shows slight less sever condition to hemicellulose, provided 15.0% 
hemicellulose after pretreatment while caustic and sodium sulfide left only 5.0% hemicellulose 
which is comparable to the catalytic effectiveness of acids. Presence of remaining 
Figure 33; Effect of pretreatment on the components of water hyacinth biomass(a) Extractives, (b) 
lignin, (c) hemicellulose, (d) cellulose; Un: untreated; SA: sulphuric acid; MA: maleic acid; PA: 
phosphoric acid; HA: hydrochloric acid; Na: sodium hydroxide; Na2S: sodium sulfide; Na2SO3: sodium 
sulfite 
hemicellulose is also confirmed by the presence of xylose in TLC images (figure 15.2), 
obtained after enzymatic hydrolysis of pretreated biomass. Amount of cellulose is significantly 
affected by catalytic property of acids and alkali. Amount of cellulose obtained after acid and 
caustic catalyzed sodium sulfide and sulfite in the remaining biomass after pretreatment is 
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comparable (84-86%), while caustic catalyze pretreatment shows fewer amount (78.0%). Due 
to the hydrolysis of hemicellulose and removal of lignin, cellulose quantity increases up to 
85.0% of the dry weight of biomass (figure 33d) which is also proved through FTIR and XRD 
monitoring by different researchers [358,359]. Acids provide almost pure cellulose along with 
some quantity of lignin which provides pure glucose after enzymatic hydrolysis as shown in 
figure 18.1.  
4.13.2 Corncob 
             Pretreatment of corncob at optimal conditions has prevailing effect on the biomass 
components as shown in figure 34. Corncob has 6.98% extractives. Maleic acid and 
hydrochloric acid eradicated more extractives (~70%) as shown in figure 34a while NaOH or 
Na2S catalyzed pretreatment credit only 40 - 50.0% reduction. The higher amount of 
extractives in residual biomass obtained after NaOH or Na2S pretreatment may be due to the 
degradation products generated during pretreatment.  At optimal conditions, NaOH or NaOH 
catalyzed Na2S or Na2SO3 remove 84.0 – 86.0% of lignin, which is less as compared to 
removal of lignin from water hyacinth at these conditions. Xu et al.,  (2010) [315] reports 
85.0% reduction in lignin content with 2.0% NaOH at 121.0 oC when pretreatment is executed 
for 1.0 hr and 77.0% when pretreatment is accomplished for 48.0 hr with 2.0% NaOH at 50.0 
oC. At optimal conditions when acids were used as catalyst during pretreatment of corncob, the 
amount of lignin increases from 13.56% to 20.34% (dry weight). Hemicellulose obtained from 
corncob residual biomass after pretreatment is different for different catalysts, as shown in 
figure 34c. Sulphuric acid completely (98.0%) hydrolyzed the hemicellulose from corncob at 
optimal condition while maleic acid, hydrochloric acid and phosphoric acid removed 90.10, 
91.64 and 93.21% hemicellulose respectively. The amount of hemicellulose present in residual 
biomass after treatment with NaOH, NaOH catalyzed Na2S and Na2SO3 is 16.53, 17.01 and 
20.35%. The existence of remaining 30.0 -35.0% hemicellulose in pretreated corncob is also 
confirmed through the presence of xylose in TLC images obtained from enzymatic hydrolyzate 
(figure 15.2b). Zhang et al., (2011) [251] pretreated the corncob with 1.5% sulphuric acid at 
125 oC for 2.0 hr. At these conditions, amount of cellulose increases from 22.27% to 49.43% 
(% dry wt.), hemicellulose decreases from 28.30 to 11.06%, lignin decreased from 28.61% to 
21.47 and extractives from 19.63 to 15.74%. The effect of different catalysts on the amount of 
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cellulose is presented in the figure 34d. The amount of cellulose increases from 38.98% to 
74.65% (dry matter) due to the hydrolysis of the hemicellulose and removal of lignin in the 
presence of the acid catalyst. Cellulosic content obtained from corncob residue after maleic  
 
Figure 34: Effect of Pretreatment on components of corncob stem biomass (a) extractives, (b) lignin, (c) 
hemicellulose, (d) cellulose; Un: untreated; SA: sulphuric acid; MA: maleic acid; PA: phosphoric acid; 
HA: hydrochloric acid; Na: sodium hydroxide; Na2S: sodium sulfide; Na2SO3: sodium sulfite 
 
acid treatment is higher as compared to other acids while sulphuric acid shows less amount of 
cellulose due to its strong catalytic property. When pretreatment is done with sodium 
hydroxide, sodium sulfide and sodium sulfite, amount of cellulose obtained is 68.54, 70.72 and 
69.38% (dry matter). Teater et al., (2011) [317] demonstrated that amount of cellulose is 
increased from 39.7 to 55.10% from corn stover after pretreatment with 3.0% NaOH at 120 oC 
for 1.0h residence time. 
0
2
4
6
8
10
12
14
Un. SA MA PA HA Na Na2S Na2SO3
E
x
tr
a
c
ti
ve
s
(D
r
y
 
w
t 
%
)
(a)
0
5
10
15
20
25
Un. SA MA PA HA Na Na2S Na2SO3
L
ig
n
in
(d
r
y
 
w
t%
)
(b)
-5
5
15
25
35
45
55
Un. SA MA PA HA Na Na2S Na2SO3
H
e
m
ic
e
ll
u
lo
s
e
(%
)
(c)
25
35
45
55
65
75
85
Un. SA MA PA HA Na Na2S Na2SO3
C
e
ll
u
lo
s
e
 (
D
r
y
 w
t 
%
)
(d)
 139 
 
4.13.3 Bagasse 
            Figure 35 presents the biomass components present in bagasse residue obtained after 
pretreatment at optimized conditions, with different catalysts under study. Pretreatment with 
maleic acid reduces the amount of extractives from 7.65% to 0.86% (dry matter) while 
sulphuric acid treated biomass shows 2.23% extractives after treatment.  Bagasse residue 
obtained after pretreatment with NaOH has 3.35% extractives which is higher as compared to 
other substrates, obtained after different catalytic pretreatments. Maleic acid has greater 
tendency to remove extractives as compared to other acids. Effect of pretreatment on the 
amount of lignin is demonstrated in figure 35b.  NaOH catalyzed Na2S is removed 98.0% 
lignin with 1.0% concentration (Na2S) at 130.0 oC followed by 1.0% NaOH pretreatment at 130 
oC which removes 94.7%. Irfan et al., (2010) [318] obtained 81.0% delignification efficiency 
from bagasse biomass after pretreatment with sodium sulfite. Sulphuric acid and hydrochloric 
acid flaunt greater tendency to remove the lignin as compared to phosphoric acid and maleic 
acid. During acidic pretreatment, hemicellulose is completely removed resulting in higher 
amount of lignin and cellulose in remaining biomass residues. When bagasse is pretreated with 
sulphuric acid, 48.0% delignification is achieved followed by hydrochloric acid which shows 
46.0% lignin reduction. Laopaiboon et al., (2009) [73] reported 21.0% delignification 
efficiency from sugarcane bagasse after treatment with hydrochloric acid. The removal of 20.0 
– 65.0% lignin from biomass is sufficient for adsorption of cellulase enzyme during hydrolysis 
[319]. Khokharet  et al., (2010) [320]  obtained  74.0%  delignification  of wheat straw at 121.0 
ºC when pretreatment is done for 75 min with 1.5% sulphuric acid. It is obvious that enzymatic 
hydrolysis yield greatly depends on the physical/chemical structure of the lignin, not its 
amount. Figure 35c reveals the comparative amount of hemicellulose, which is obtained after 
pretreatment of bagasse substrate with different catalysts at optimal conditions. Maleic acid and 
sulphuric acid completely (~98.0%) hydrolyzed the hemicellulose from bagasse at optimal 
conditions while phosphoric and hydrochloric acid extracted 94.30 and 96.56% hemicellulose 
respectively. At temperature 140-190 oC, 100.0% hemicellulose was hydrolyzed during 
pretreatment with 0.5-1.0% of sulphuric acid [321]. Treatment with alkali removed the 
hemicellulose effectively when used it at higher concentrations and higher temperature. NaOH 
(1.0%) at 130.0 oC removed 67.7% hemicellulose from bagasse while Na2S is more efficient in 
removing the hemicellulose (~71.0%).  
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Figure 35: Effect of pretreatment on the components of bagasse biomass(a) extractives, (b) lignin, (c) 
hemicellulose, (d) cellulose; Un: untreated; SA: sulphuric acid; MA: maleic acid; PA: phosphoric acid; 
HA: hydrochloric acid; Na: sodium hydroxide; Na2S: sodium sulfide; Na2SO3: sodium sulfite    
The percentage of hemicellulose present in residual biomass after treatment with NaOH, NaOH 
catalyzed Na2S and Na2SO3 is 14.39, 12.34 and 13.62% (dry wt.). Figure 35d displays the 
cellulose quantity present in residual mass of bagasse. Quantity of cellulose is increased from 
41.29% to 71.42% when pretreatment is done with sulphuric acid. Amount of cellulose is 
higher in residual mass obtained from phosphoric and maleic acid (75.83 & 74.49% 
respectively) treatment which is due to their less severe behavior as compared to sulphuric acid 
and hydrochloric acid which decomposed some quantity of cellulose. Sodium hydroxide 
significantly removes the lignin and hemicellulose from bagasse which results in higher content 
of cellulose (~80.44%) as compared to acids. Caustic catalyzed sodium sulfide provided 
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82.21% cellulose which was greater as compared to sodium hydroxide and sodium sulfite 
(~79.29%). Teter et al.,  (2011) [317] pretreated the swithgrass with 3.0% NaOH at 120 oC for 
2.0 hr residence time and got 62.3% (dry basis) cellulose which increased from 37.1%.   
4.13.4Banana pseudo stem 
             Biomass components acquired after different catalytic pretreatments of banana pseudo 
stem are shown in figure 36. The quantity of extractives in residual biomass is different for 
different catalysts at different conditions. Pretreatment with sulphuric acid at optimized 
conditions diminishes the amount of extractives from 18.73% to 3.58% (dry matter) while 
maleic, hydrochloric and phosphoric acid treated biomass shows 2.88, 2.84 and 3.54% 
extractives after pretreatment. Maleic acid and hydrochloric acid eliminated more extractives 
(~3.0%) as compared to other two acids which may be due to less degrading nature of these 
acids. NaOH treated biomass has 7.54% extractives which is higher as compared to other 
biomass residues obtained after different catalytic pretreatments. Sodium hydroxide catalyzed 
sodium sulfide and sodium sulfite treated biomass has 6.35 and 7.02% (dry basis) extractives. 
Figure 36b comparatively reveals the effect of different catalysts on the quantity of lignin in 
banana stem residue.  NaOH catalyzed Na2S eradicated 96.0% lignin with 1.0% concentration 
(Na2S) at 130.0 oC when pretreatment is done for 3.0h. Pretreatment with NaOH or Na2SO3 
(1.0%) at 130.0 oC for 3.0 hr confiscated 90.7 and 89.0% lignin from banana stem. During 
acidic pretreatment, degradation of lignin occurs [316, 72] but its amount increases due to the 
removal of extractives and hemicellulose. Highest delignification (35.0%) is accomplished 
during pretreatment with 1.0% phosphoric acid followed by maleic acid which shows 29.0% 
delignification. The amount of lignin in banana stem residue obtained after treatment with 
phosphoric, maleic, hydrochloric and sulphuric acid is 17.08, 18.58, 18.93 and 19.1% 
respectively (dry basis). Comparative amount of hemicellulose obtained after pretreatment of 
banana stem with different catalysts at optimal conditions is paraded in figure 36c. Phosphoric 
and sulphuric acid hydrolyze 95.43% and 97.62% hemicellulose from banana stem at optimized 
conditions while maleic and hydrochloric acid extract 93.60 and 91.21% hemicellulose 
respectively. NaOH (1.0%) at 130.0 oC removes 52.17% hemicellulose from banana biomass 
while Na2S is more efficient in removing the hemicellulose (~63.0%). The percentages of 
hemicellulose present in residual biomass after treatment with NaOH, NaOH catalyzed 
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Figure 36: Effect of pretreatment on the components of banana pseudo stem biomass (a) extractives, (b) 
lignin, (c) hemicellulose, (d) cellulose; un: untreated; SA: sulphuric acid; MA: maleic acid; PA: 
phosphoric acid; HA: hydrochloric acid; Na: sodium hydroxide; Na2S: sodium sulfide; Na2SO3: sodium 
sulfite  
Na2S and Na2SO3 are 8.35, 6.48 and 7.58% (dry wt.). Figure 36d presents the amount of 
cellulose present in residual material of banana stem. Due to less severe behavior of phosphoric 
and maleic acid, higher quantity of cellulose (76.67 and 77.2%) is present in residual biomass 
obtained after pretreatment. The quantity of cellulose increases from 43.58 to 74.32%, when 
pretreatment is done with sulphuric acid at optimal condition. Sodium hydroxide appreciably 
removes the hemicellulose and lignin from banana stem and results in higher content of 
cellulose (~83.54%) as compared to acids. Caustic catalyzed sodium sulfide pretreatment 
provided 83.55% cellulose which is greater as compared to sodium sulfite (~81.47%).    
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4.13.5 Rice husk 
            Biomass components procured after different catalytic treatments of rice husk are 
exposed in figure 37. Amount of extractives in the residual biomass is different for different 
catalysts in pretreatment. Pretreatment with different acids at optimized conditions depicts the 
amount of extractives in the range of 2.51% to 3.69% (dry matter). Sulphuric and hydrochloric 
acid pretreatment removed more extractives as compared to other acids. NaOH treated biomass 
has 6.51% extractives which is higher as compared to other biomass residues acquired after 
different catalytic pretreatment. Sodium hydroxide catalyzed sodium sulfide and sodium sulfite 
treated biomass has 3.25 and 4.54% (dry basis) extractives. Quantity of lignin in rice husk 
residue is comparatively revealed in figure 37b. NaOH catalyzed Na2S eliminates 96.16% 
lignin with 1.0% concentration (Na2S) at 130.0 oC when pretreatment is done for 3.0 hr. 
Pretreatment with sodium hydroxide and sodium hydroxide catalyzed sodium sulfite (1.0%) at 
130.0 oC for 3.0 hr sequester 87.27 and 88.4% lignin from rice husk, respectively. Highest 
amount of lignin reduction (35.10%) is accomplished during pretreatment with 1.0% maleic 
acid followed by sulphuric acid which shows 32.13% reduction. Similarly, hydrochloric and 
phosphoric acid exhibited 31.34 and 29.88% delignification efficiency at optimal conditions. 
The hemicellulose obtained after pretreatment of rice husk with different catalysts at optimal 
conditions is exhibited in figure 38c. At optimal pretreatment conditions maleic and phosphoric 
acid hydrolyzed 95.50% and 97.12% of hemicellulose from rice husk while sulphuric and 
hydrochloric acid extracted 91.93 and 89.41% respectively. When pretreatment is performed 
with sodium sulfide, quantity of hemicellulose decreased from 24.2% to 12.45% (dry basis). 
NaOH (1.0%) at 130 oC removes 40.67% hemicellulose from rice husk while Na2SO3 shows 
~63.0% reduction during pretreatment. The amount of cellulose obtained from rice husk after 
each pretreatment with different catalyst is depicted in figure 37. Quantity of cellulose 
increases from 33.29% to 70.65% when pretreatment is done with phosphoric acid at optimal 
condition. Cellulose quantity obtained after treatment at optimized conditions with maleic, 
sulphuric and hydrochloric acid is 70.02, 69.42 and 69.38% respectively which is also reported 
by other researcher as well [322, 323]. They claim that when treatment of biomass is done for 
longer time, lignin and hemicellulose are removed which results in higher content of cellulose. 
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Figure 37:Effect of pretreatment on the components of rice husk biomass(a) extractives, (b) lignin, (c) 
hemicellulose, (d) cellulose; Un: untreated; SA: sulphuric acid; MA: maleic acid; PA: phosphoric acid; 
HA: hydrochloric acid; Na: sodium hydroxide; Na2S: sodium sulfide; Na2SO3: sodium sulfite 
 
Sodium hydroxide appreciably removed the hemicellulose and lignin from banana stem and 
results in higher content of the cellulose (~78.54%) as compared to acids. Caustic catalyzed 
sodium sulfide provides 80.44% cellulose which is higher as compared to sodium sulfite 
(~77.57%).    
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4.14 Detoxification of acid hydrolyzate  
4.14.1Acidic pretreatment and formation of toxic compounds   
            The hydrolysis of hemicellulose through dilute acid pretreatment yields xylose as the 
major component, shown in TLC images (figure 15.2 b& d) while arabinose, galactose and 
glucose in smaller fractions in addition to microbial inhibitors [324]. The formation of these 
fermentative inhibitors in acid hydrolyzate depends upon the nature of lignocellulosic material 
along with its composition, thermochemical conditions, and reaction time of hydrolysis. 
Degradation of xylose at higher temperature and pressure reveals furfural as inhibitor. Hexose 
sugars are converted into 5-Hydroxymethyl furfural (5-HMF), however its concentration in 
acid hydrolyzates tends to low due to limited degradation of hexose. As determined by different 
researchers, these potential inhibitors are divided into three groups [324]. 
 Organic acids such as levulinic , formic  and acetic acid 
 Furan derivatives such as 5-hydroxymethylfurfural (5-HMF) and furfural 
 Phenolic compounds i.e. example, syringaldehyde, syringic acid and syringone, 
vanillic acid,   vanillone, and vanildehyde 
Formation of these inhibitors during dilute-acid pretreatment of cellulosic materials 
makes the hydrolyzate a severely harsh medium for  S. cerveasiae in fermentation media, 
which leads to low ethanol yield or even complete failure of cultivation [325]. Higher levels of 
fermentative sugars are obtained by diminishing the inhibitor effect for improvement in 
fermentability of the lignocellulosic hydrolyzate [326, 327]. Different methods have been 
investigated in the past, significantly to detoxify the hydrolyzate. These methods include alkali 
treatment, overliming with calcium hydroxide, active charcoal, ion exchange resins, enzymatic 
detoxification, change in fermentation methodology and use of microorganism or soft-rot 
fungus for the degradation of inhibitors has been proposed [324]. 
4.14.2 Detoxification with overliming and activated charcoal 
                Overliming with calcium hydroxide and combined overliming and activated charcoal 
methods are used for detoxification and removal of fermentative inhibitor from acid 
hydrolyzate obtained from different substrates for maximum utilization of monomeric sugars. 
The amount of sugars obtained after detoxification of each hydrolyzate is showed in table 4.17. 
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 Table 4.17: Effect of detoxification on amount of reducing sugars in acid hydrolyzate (gL-1) 
Substrate Acid hydrolyzate  Hydrolyzate detoxified 
with overliming 
Hydrolyzate detoxified with 
overliming +Activated 
Charcoal 
 Sulphuric Acid   
Water hyacinth 37.32+0.57 35.59+0.76 34.72+1.04(6.96*) 
Corncob 40.11+0.39 38.51+0.88 36.48+0.84(9.05) 
Bagasse 39.31+1.02 37.71+0.43 36.05+1.30(8.29) 
Banana Stem 36.36+0.85 33.16+0.31 30.57+0.47(15.92) 
Rice husk 35.61+0.72 33.01+0.96 32.68+0.35(14.32) 
 Phosphoric Acid   
Water hyacinth 37.95+0.97 36.44+1.21 35.92+0.21(5.34) 
Corncob 42.11+1.13 40.25+1.17 39.89+0.58(5.27) 
Bagasse 41.81+0.86 39.08+0.49 38.73+0.45(7.41) 
Banana stem 38.21+0.58 36.25+0.83 35.76+0.64(6.41) 
Rice husk 36.61+0.94 34.89+0.39 32.64+1.11(10.82) 
 Maleic Acid   
Water hyacinth 38.21+0.57 36.45+0.71 36.05+0.24(4.60) 
Corncob 43.54+0.38 39.33+0.84 38.71+0.56(8.79) 
Bagasse 42.62+0.75 40.02+0.57 38.12+0.68(10.55) 
Banana stem 40.36+0.59 38.76+0.63 37.58+0.39(6.88) 
Rice husk 36.83+0.81 34.23+0.90 33.18+0.53(9.91) 
 Hydrochloric 
Acid 
  
Water hyacinth 38.54+0.40 36.35+0.72 34.99+0.78(9.21) 
Corncob 41.25+0.95 39.65+0.46 37.82+0.96(8.31) 
Bagasse 40.14+0.93 38.24+0.68 37.62+1.23(6.12) 
Banana stem 39.77+ 0.83 37.17+0.47 36.39+0.61(9.34) 
Rice husk 36.61+0.56 33.01+0.81 32.37+0.83(11.58) 
           Average of two readings (*% loss of sugar) 
Furfural, phenol and other volatile compounds condenses through boiling. Overliming with 
calcium oxide at pH 10.0 removes heavy metals and acidic components such as acetic, tannic 
and furfuralic acid obtained from furfural [177], which results in sugar loss (4.0-10.0%), also 
investigated by different researchers. Fein et al., (1984) [328] has suggested that to overcome 
this loss in sugar quantity, the pH of the overliming process must be kept at low. Amount of 
reducing sugars decreases in acid hydrolyzate of water hyacinth during detoxification with 
overliming at pH 10.0 and charcoal is in the range of 4.60 – 9.21%. Maximum reduction 
(9.21%) is occurred in acid hydrolyzate of water hyacinth obtained from hydrochloric acid 
catalyzed pretreatment and minimum reduction is in maleic acid hydrolyzate (4.60%). The 
reduction in corncob acid hydrolyzate ranges 5.27 – 9.05%. The more sugar loss is observed in 
overliming of the sulphuric acid hydrolyzate and less in hydrolyzate got from phosphoric acid. 
Ge et al., (2011) [235] detoxified the corncob acid hydrolyzate with overliming and activated 
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charcoal for effective removal of furfural, acetic acid and phenolic compounds. Combined lime 
and charcoal removes 98.6% furfural, 46.6% acetic acid and 1.5% phenolic compounds with 
13.2 and 8.4% loss of xylose and glucose respectively. Cheng et al., (2007) and Amarty et al.,  
(1996) [329-330] reported the same loss of sugars from corncob and bagasse acid hydrolyzate 
with 96.6, 62.4 and 100% removal of phenolic compounds, acetic acid and furfural, 
respectively. Overliming of bagasse hydrolyzate results in 6.12 -10.55% loss in reducing sugars 
which corresponds to hydrochloric acid and maleic acid respectively. Larsson et al., (1999) 
[331] used twelve different methods of detoxification which include the use of Ca(OH)2, NaOH 
and anion exchange at pH 10.0 for detoxification of spruce acid hydrolyzate. Anion exchange 
and overliming with Ca(OH)2 provided best results with sugar recovery of 96.0% at pH 10.0 
for 1.0 hr. Economically, overliming with Ca(OH)2 is preferred for the improvement of ethanol 
production by using S. cerevisiae (Ranatunga et al., 2000) [332]. Martin et al., (2002) [179] 
obtained 99.0% sugar recovery from bagasse acid hydrolyzate when overliming was performed 
with Ca(OH)2 at pH 10.0 for 1.0 hr. Martinez et al., (2000 & 2001) [177a & 177b] had done 
detoxification of bagasse hydrolyzate by using Ca(OH)2 (pH 9.0, temperature 60 oC for 1.0 hr), 
which resulted 15.0% reduction in sugar level along with decreased inhibitory compounds, 
resulting in increased level of ethanol production during fermentation with Escherichia coli. 
Maximum loss in reducing sugars (15.92%) is occurred in banana stem hydrolyzate obtained 
from the sulphuric acid catalyzed pretreatment at optimized conditions. Reduction in sugar 
amount of acid hydrolyzate of rice husk ranged from 9.91 – 14.32%. The less quantity is 
corresponding to maleic acid hydrolyzate while sulphuric acid hydrolyzate showed more 
reduction.  
4.14.3Amount of furfural, 5-hydroxymethyl furfural (HMF) in acid hydrolyzate and 
detoxified hydrolyzate 
          Larsson et al., (1999) [331] claimed that, during acidic pretreatment at high temperature; 
hexosans and pentosans are converted into furfural and HMF, respectively. The rate of 
degradation of monomer sugars is in the order of xylose > arabinose > manose > glucose 
(Xiang et al., 2004) [333]. Therefore five carbon sugars (xylose) are more sensitive as 
compared to six carbon sugars (glucose).  Furans such as furfural and 5-hydroxymethyl furfural 
are the prominent inhibitors formed during acidic pretreatment. Quantity of furfural increases 
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with the increase in temperature and acid concentration and reaches maximum (5-5.7 gL-1) at 
170.0 oC. The amount of furfural and 5-hydroxymethyl furfural in acid hydrolyzate and 
detoxified hydrolyzate is summarized in table 4.18. Hydrolyzates obtained from the maleic acid 
pretreatment from different substrates show less quantity of furans, also reported 
Table 4.18: Amount of furfural and 5-Hydroxymethy furfural in acidic hydrolyzate and detoxified 
hydrolyzate (gL-1) 
Substrate Furfural 
(Acid hydrolyzate) 
5-Hydroxymethyl 
Furfural 
(Acid hydrolyzate) 
Furfural 
(Detoxified 
hydrolyzate) 
5-Hydroxymethyl 
Furfural 
(Detoxified 
hydrolyzate) 
 Sulphuric Acid    
Water hyacinth 2.49+0.27 1.35+0.76 0.13 0.01 
Corncob 1.89+0.19 0.66+0.88 0.01 0.04 
Bagasse 1.77+0.12 1.03+0.43 0.00 0.05 
Banana stem 2.16+0.05 1.96+0.31 0.11 0.02 
Rice husk 1.87+0.17 1.01+0.96 0.02 0.00 
 Phosphoric Acid    
Water hyacinth 2.14+0.07 1.10+1.21 0.08 0.02 
Corncob 1.71+0.13 0.58+1.17 0.05 0.00 
Bagasse 1.62+0.26 0.89+0.49 0.0 0.03 
Banana stem 1.87+0.18 0.71+0.83 0.15 0.06 
Rice husk 0.71+0.04 0.69+0.39 0.00 0.06 
 Maleic Acid    
Water hyacinth 1.17+0.17 0.53+0.71 0.02 0.03 
Corncob 1.08+0.24 0.61+0.84 0.10 0.01 
Bagasse 0.89+0.15 0.67+0.57 0.02 0.00 
Banana stem 1.38+0.39 0.69+0.63 0.23 0.00 
Rice husk 0.84+0.31 0.53+0.90 0.02 0.01 
 Hydrochloric Acid    
Water hyacinth 2.15+0.34 1.06+0.72 0.15 0.05 
Corncob 2.05+0.15 1.01+0.46 0.03 0.02 
Bagasse 1.04+0.24             1.84+0.68 0.14 0.06 
Banana stem 1.38+ 0.13 0.67+0.47 0.01 0.02 
Rice husk 0.90+0.56 0.61+0.81 0.03 0.03 
   
by other workers [185b]. Acid hydrolyzates of water hyacinth and banana stem show higher 
quantity of furans may be due to the lower lignin content which facilitates the degradation of 
hemicellulose while pretreatment of rice husk with acids provide less quantity. Water hyacinth 
provides 2.49 & 1.35 gL-1 of furfural and 5-hydroxymethyl furfural when pretreated with 
sulphuric acid. Sheen et al., (2008) [334] demonstrated that at 120.0 oC with 0.7% sulphuric 
acid, minimum amount of inhibitors was formed which facilitate the fermentation. Nigam 
(2002) [244] observed that when water hyacinth refluxed in 1.0% sulphuric acid for 4.0 hr, 
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1.72% (TS) furfural and 0.35% hydroxyl furfural are formed. When detoxification is done with 
refluxing and over liming with Ca(OH)2, 79.3% furfural and 83.54% hydroxyl furfural are 
removed. Aguilar et al., 2002 [284] used 2.0% sulphuric acid for the pretreatment of bagasse at 
122.0 oC for 24 min. After pretreatment, they got 24.60 gL-1.of reducing sugar along with 0.52 
gL-1 of furfural. In 2004, Gamez et al., [295] used 4.0% phosphoric acid for the pretreatment of 
bagasse at 122 .0 oC for 5.0h residence time and got 1.20 gL-1 of furfural along with 23.20 gL-1 
of sugar. Millati et al., (2002) [335] used Ca(OH)2 for detoxification of acid hydrolyzate of 
spruce at two different conditions. When overliming was performed at pH 12 at temperature 
60.0 oC for 170.0 hr, 100.0% reduction in furan level was obtained which reduced 68.0% sugar 
level while 77.0% reduction in furan was observed at pH 11.0 for 20.0 hr. To minimize this 
reduction in pentose sugar quantity, pH of the process during neutralization was kept at low 
[328]. They studied the effect of HMF and furfural in hydrolyzate which showed no inhibitory 
effect and suggested that the inhibition was due to phenolic compounds or may be combined 
effect of these and furan aldehydes. Similarly Taherzadeh et al., (1999) [115c] and Larsson et 
al., 1999 [331] verified the effect of furfural, HMF and acetic acid as inhibitory component in 
synthetic hydrolyzate. The Saccharomyces cerveasiae completely fermented the synthetic 
hydrolyzate containing HMF, furfural and acetic acid showed that compounds do not hinders 
the action of S. cerveasiae. Mussato et al., (2004) [121] demonstrated that Pichia stipitis can 
ferment the sugars into ethanol in the presence of furfural up to 0.5 gL-1. 
4.15 Optimization of pretreatment factors for maximum hydrolysis yield 
from different biomass sources 
           Optimization of the enzymatic hydrolysis process was carried out to maximize the sugar 
yield using the.0 software. The maximum hydrolysis yield was obtained when pretreatment was 
done at conditions chosen from the predefined values. The response (Hydrolysis yield) was set 
at maximum level for maximum sugar yield. Catalyst concentration (%) was chosen at 
minimum level for process safety and cost effectiveness while temperature (oC) and time (hr) 
were set in range. The software combined the individual desirability into single number which 
is used for the optimization of enzymatic hydrolysis yield. The hydrolysis yield of each 
experimental run was recorded and subject to statistical analysis. After this, different numerical 
and graphical optimizations are performed with the help of software. A variety of pretreatment 
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conditions, with desirability 1.0 were selected for maximum hydrolysis yield at lowest catalyst 
level (1.0 % catalyst) for each biomass substrate. The confirmation of the predicted yield was 
executed after performing the experiments at optimized conditions having desirability 1.0.  
 4.15.1 Optimized pretreatment conditions when water hyacinth was used as biomass 
source  
            Water hyacinth biomass was treated with different catalysts for obtaining the maximum 
enzymatic hydrolysis yield. These catalysts include H2SO4, H3PO4, maleic acid, HCl, NaOH, 
Na2S and Na2SO3 and optimized level of different factors along with quantity of monomeric 
sugars during pretreatment and enzymatic step are summarized in table 4.19. The amount of 
highest sugar in enzymatic step (37.9 gL-1) from sulphuric acid treated water hyacinth was 
obtained, when pretreatment was executed at 129.6 oC for 2.4 hr. Sulphuric acid also credited 
34.72 gL-1 of fermentable sugar during pretreatment. When catalyst was changed from 
sulphuric acid to phosphoric acid; keeping concentration constant (1.0%), maximum enzymatic 
digestion yield is obtained at 129.0 oC when pretreatment is performed for 2.25h along with 
35.92 gL-1 of sugar during pretreatment. Whereas, maleic acid provided higher sugar yield 
(39.96 gL-1)  at 128.0 oC when pretreatment was ensured for 1.74 hr with 1.0% concentration 
while optimized level of pretreatment factors with 1.0% hydrochloric acid obtained were; 
temperature 130.0 oC and time 3.0 hr. At higher temperature, maximum yield is obtained due to 
efficient pretreatment conditions, which increases the surface area of the biomass that led to 
sufficient contact between cellulose and cellulase enzyme [336]. During pretreatment, maleic & 
hydrochloric acid credited 36.45 & 34.99 gL-1 of monomeric sugars respectively which were 
available for fermentation. When incubation was done with sodium hydroxide, the optimized 
condition obtained with1.0% concentration was; 128.0 oC and time 1.93 hr. During sodium 
sulfide and sodium sulfite treatment, maximum digestibility of cellulose was achieved, when 
water hyacinth was treated with Na2S (1.0%) at temperature 130 oC for 3.0h and Na2SO3: 
concentration 1.0% at temperature 130.0 oC for 2.39hr. No sugar was available during 
pretreatment with NaOH, Na2S and Na2SO3 due to degradation of the sugars during alkaline 
pretreatment. 
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Table 4.19: Optimized reaction conditions, amount of sugars and hydrolysis yield (water hyacinth) 
Substrate Catalyst Catalyst       
(% ) 
Time 
(h) 
Temperature 
(oC) 
Amount of sugar 
(gL-1) 
(acid hydrolyzate) 
Amount of sugars 
after enzymatic 
reaction(gL-1) 
Water 
hyacinth 
H2SO4 1.0 2.4 129.6 34.72+1.04 37.9+1.31 
H3PO4 1.0 2.25 129.4 35.92+0.21 39.86+0.8 
Maleic Acid 1.0 1.74 128.2 36.45+0.24 39.96+0.52 
HCl 1.0 3.00 130.0 34.99+0.78 38.49+0.59 
NaOH 1.0 1.93 128.0 NA 40.87+1.05 
Na2S 1.0 3.0 130.0 NA 42.96+1.49 
Na2SO3 1.0 2.39 130.0 NA 43.17+0.74 
            
Shen et al., (2011) [337] used hydrogen peroxide for pretreatment of rice straw and obtained 
optimum temperature 60.0 oC, time 9.0 hr and peroxide concentration 0.6% for pretreatment. 
After pretreatment removal of hemicellulose and cellulose reached at 62.4% and the reducing 
sugar quantity credited was 237.6 mgg-1 of solid biomass after enzymatic hydrolysis.        
4.15.2Optimized pretreatment conditions when corncob was used as biomass source  
           When corncob biomass was subjected to pretreatment with different catalysts for 
maximum digestibility of lignocellulose, optimized level of pretreatment factors obtained were 
summarized in table 4.20. Corncob provided varying quantity of reducing sugar during 
pretreatment with maleic acid (35.71 gL-1), phosphoric acid (39.89 gL-1), sulphuric acid (36.48 
gL-1) and hydrochloric acid (37.82 gL-1) in pretreatment step. The higher amount of reducing 
sugar in hydrolyzate of maleic acid treated corncob is due to its advantageous s catalytic 
property and less or no degrading tendency to degrade the monomer sugars as compared to 
mineral acids [185b]. At optimal levels of pretreatment (1.0% sulphuric acid at 129.5 oC for 
2.56h); 38.05 gL-1 of glucose was obtained from enzymatic hydrolyzate of pretreated corncob. 
Maleic acid provided higher yield (39.1 gL-1) at 130.0 oC when pretreatment was done for 3.0h 
with 1.0% concentration; while optimized level of pretreatment factors when hydrochloric acid 
was used as catalyst was; concentration: 1.0%; temperature 129.6 oC and time 2.70 hr. Higher 
level of enzymatic digestibility was obtained when pretreatment was done with phosphoric acid 
at 128.0 oC for 2.58 hr. Silverstein et al., (2007) [184] used miscellaneous catalysts (sulphuric 
acid, sodium hydroxide, hydrogen peroxide, and Ozone) for pretreatment of cotton stalks and 
found that sodium hydroxide removed more lignin and provided more enzymatic hydrolysis 
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yield when pretreatment was done with 2.0% NaOH at 121.0 oC for 90.0 min. When 
pretreatment was done with sodium hydroxide, the optimized conditions obtained with1.0% 
concentration were; 130.0 oC and time 1.72 hr. Xu et al., (2010) [315] obtained 70.0% 
saccharification yield on total carbohydrate basis when switchgrass was pretreated with 1.0% 
NaOH at 50.0 oC for 12.0 hr. NaOH is strong alkali which showed pretreatment potential for 
short residence time or at lower temperature. When corncob was used as lignocellulosic 
substrate for production of fermentation sugars by using Na2S as a catalyst, the optimum 
factors were obtained as:  
Table 4.20: Optimized reaction conditions, amount of sugars and hydrolysis yield (corncob) 
Substrate Catalyst Catalyst       
(% ) 
Time 
(h) 
Temperature 
(oC) 
Amount of sugar 
(gL-1) 
(acid hydrolyzate) 
Amount of sugar 
(gL-1) enzymatic 
step 
 Corncob H2SO4 1.0 2.56 129.5 36.48+0.84 38.05+0.45 
H3PO4 1.0 2.58 128.9 37.89+0.58 40.41+1.03 
Maleic Acid 1.0 3.00 130.0 35.71+0.56 39.11+1.67 
HCl 1.0 2.71 129.6 37.82+0.96 39.51+0.65 
NaOH 1.0 1.72 130.0           NA 42.55+1.35 
Na2S 1.0 2.34     130.0 NA 44.21+1.05 
Na2SO3 1.0 2.30 130.0 NA 43.16+0.91 
 
1.0% Na2S at reaction temperature of 130.0 oC for 2.34 hr and with Na2SO3 concentration 1.0% 
at temperature 130.0 oC for 2.30 hr. Previously, Zhu et al., (2009) [338] has obtained 90.0% 
cellulose digestibility by using (9.0%) sodium bisulfite along with sulphuric acid for 
pretreatment of wood chips in two steps at 180 oC which has higher severity conditions. When 
pretreatment was done with Na2S, higher hydrolysis yield was obtained due to more lignin 
removal, depolymerization of the hemicellulose and decrease in crystallinity of the cellulose as 
compared to Na2SO3 which removed slight less lignin during pretreatment. 
4.15.3 Optimized pretreatment conditions when bagasse was used as biomass source  
           When bagasse was used as feedstock, the optimized levels of pretreatment are 
summarized in table 4.21 which were obtained with catalysts such as H2SO4, H3PO4, maleic 
acid, HCl, NaOH, Na2S and Na2SO3 used for maximum sugar yield. The amounts of 
monomeric sugars obtained from bagasse acidic hydrolyzate were: maleic acid (35.12 gL-1), 
phosphoric acid (37.73 gL-1) which were higher as compared to sulphuric (36.05 gL-1) and 
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hydrochloric acid (37.62 gL-1). Chandel et al.,  (2007) [324] pretreated the bagasse with 2.5% 
hydrochloric acid at 140.0 oC for 30min and got 30.29 gL-1 of reducing sugars which contains 
21.50 gL-1 of xylose. The amount of highest sugar during enzymatic hydrolysis was obtained, 
when pretreatment was done for 2.4 hr with 1.0% sulphuric acid at 129.6 oC. When catalyst 
changed from sulphuric acid to phosphoric acid keeping the concentration constant (1.0%), the 
maximum digestibility was obtained at 129.0 oC when pretreatment was done for 2.25 hr. 
Whereas, maleic acid provided higher yield at 128.0 oC when biomass was pretreated for 1.74 
hr with 1.0% concentration, however optimized level of pretreatment factors with 1.0% 
hydrochloric acid obtained were; temperature 130.0 oC and time 3.0 hr. Azzam (1987) [339] 
obtained 93% hydrolysis yield with cellulase enzyme when bagasse was pretreated with 0.5% 
hydrochloric acid in the presence of ZnCl2 at 145.0 oC for 10min. The combined effect of dilute 
acid and ionic salts increased the digestibility. When pretreatment was done with sodium 
hydroxide, the optimized condition obtained with1.0% concentration was; 128.0 oC and time 
1.93 hr. Similarly maximum hydrolysis yield was achieved from pretreated bagasse, when it 
was treated with Na2S (1.0%) at temperature 130.0 oC for 3.0 hr and Na2SO3: concentration 
1.0% at temperature 130.0 oC for 2.0 hr. Wang et al., (2011) [277] provided the optimized 
conditions as acid charge 2.2-1.8%, temperature 160.0 – 170.0 oC. Soni et al., (2010) [186] was 
pretreated the bagasse with different concentrations (1.0 & 2.0%) of sulphuric acid and sodium 
hydroxide at different temperatures. They have obtained 39.0 and 41.0% cellulose conversion 
yield through enzymatic hydrolysis after pretreatment of bagasse 
Table 4.21: Optimized reaction conditions, amount of sugars and hydrolysis yield (bagasse) 
Substrate Catalyst Catalyst       
(% ) 
Time 
(h) 
Temperature 
(oC) 
Amount of sugar 
(gL-1) 
(acid hydrolyzate) 
Amount of sugar 
(gL-1) enzymatic 
step 
Bagasse H2SO4 1.0 3.0 130.0 36.05+1.30 37.11+1.30 
H3PO4 1.0 2.03 128.0 37.73+0.45 38.92+0.37 
Maleic Acid 1.0 2.38 129.0 36.12+0.68 38.54+1.04 
HCl 1.0 2.90 130.0 37.62+1.23 37.94+1.54 
NaOH 1.0 2.73 130.0 N.A 42.32+0.32 
Na2S 1.0 3.00 130.0 N.A 43.95+1.36 
Na2SO3 1.0 2.00 130.0 N.A 42.03+0.58 
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with 2.0% sulphuric acid at 121.0 oC and 90.0 oC respectively. They obtained 67.0 and 58.0% 
cellulose conversion yield through enzymatic hydrolysis after pretreatment of bagasse with 
2.0% NaOH at 121.0 oC and 90.0 oC respectively. Dogaris et al., (2009) [340] pretreated the 
sweet sorghum bagasse hydrothermally for the increased cellulose digestibility by keeping 
harsh conditions (3.1 – 4.5 logRo) and got 94.1% glucan recovery along with 76.6% 
hemicellulose hydrolysis at 3.66 severity factor.   
4.15.4 Optimized pretreatment conditions when banana stem was used as biomass source  
           The optimal reaction condition for sulphuric acid catalyzed pretreatment is depicted to 
be 1.0% H2SO4, reaction temperature 128.5 oC and residence time 1.93 hr, whereas, optimized 
pretreatment conditions for phosphoric acid catalyst are; 1.0% acid concentration, temperature 
127.0 oC for 2.24 hr residence time. When concentration of these catalysts are increased from 
1.0% to 3.0% at maximum level, yield increases up to 95.0% but keeping in mind the process 
safety, cost effectiveness and inhibition of byproducts on enzyme action, we have used the 
catalysts at lowest level (1.0%) which decreases the yield from 95.0% to 89.0%. Temperature 
conditions of all these catalysts range from 120.0 – 130.0 oC. The optimal reaction conditions 
for pretreatment of banana stem with hydrochloric acid are; 1.0% acid concentration, 
temperature 130.0 oC and incubation time 2.82 hr. At optimal conditions, sulphuric, 
phosphoric, maleic and hydrochloric acid credited 32.57, 37.76, 35.58, 36.39 gL-1 of 
fermentable sugars, respectively (table 4.22). When pretreatment was done with sodium 
hydroxide, the optimized conditions obtained with1.0% concentration was; 130.0 oC and time 
2.26h. Similarly maximum hydrolysis yield was achieved from pretreated banana stem, when it 
was treated with Na2S (1.0%) at temperature 130.0 oC for 2.29 hr and Na2SO3: concentration 
1.0% at temperature 130.0oC for 2.41 hr. Eliana et al., (2007) [183] used RSM successfully to 
optimize the effect of the H2SO4 concentration, temperature (oC) and solid liquid ratio on 
eucalyptus grandis residue for maximum yield of reducing sugars. The maximum amount of 
sugar obtained was 16.85 which contained 13.65 gL-1 xylose, 1.65 gL-1 glucose and 1.55 gL-1 
arabinose along with some quantity of furfural and acetic acid at  optimal conditions of acid 
concentration (0.65%), temperature157.0 oC, time 20min and solid liquid ratio 1:8.  
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Table 4.22: Optimized reaction conditions, amount of sugars and hydrolysis yield (banana 
stem) 
Substrate Catalyst Catalyst       
(% ) 
Time 
(h) 
Temperature 
(oC) 
Amount of sugar 
(gL-1) 
(acid hydrolyzate) 
Amount of 
sugar (gL-1) 
enzymatic step 
Banana 
stem 
H2SO4 1.0 1.93 128.5 32.57+0.47   38.01+0.95 
H3PO4 1.0 2.24 127.0 36.76+0.64 39.61+0.21 
Maleic Acid 1.0 2.27  126.8 35.58+0.39 39.27+0.98 
HCl 1.0 2.82 130.0 36.39+0.61 37.21+1.59 
NaOH 1.0 2.26 130.0 N.A 42.45+0.64 
Na2S 1.0 2.29 130.0 N.A 42.61+1.10 
Na2SO3 1.0 2.41 130.0 N.A 40.60+1.29 
 
4.15.5 Optimized pretreatment conditions when rice husk was used as biomass source  
        The optimized factor level with each catalyst is cataloged in table 4.23. When sulphuric 
acid is used as a catalyst for pretreatment of rice husk, 30.68 gL-1of fermentable sugars is 
obtained at 128.0 oC and 1.0% acid concentration. Optimal pretreatment temperature for all 
acids is in the range of 128.0-129.0 oC while optimum residence time is ranged from 1.88 – 
2.55. During pretreatment step at optimal conditions; phosphoric, maleic and hydrochloric acid 
credited 31.64, 30.48 and 31.37 gL-1 of monomer sugars, respectively. When sodium hydroxide 
was used as a catalyst, the optimal condition obtained for pretreatment was; 1.0% NaOH 
concentration time of pretreatment was 2.26 hr and temperature was 130.0 oC. Sodium 
hydroxide catalyzed sodium sulfide provided maximum sugar yield at 1.0% Na2S concentration 
at temperature 128.0 oC for 2.95 hr, while sodium sulfite yielded maximum sugar at 1.0% 
concentration of Na2SO3, temperature 125.0 oC and residence time 2.78 hr. Vaccarino et al., 
(1987) [341] used grape marc as substrate for saccharification purpose which pretreated with 
sulphur dioxide, sodium carbonate and sodium hydroxide. They have found that sodium 
hydroxide was more effective when pretreatment was done with 1.0% caustic at 120.0 oC. 
When we have used catalyst concentration at maximum level (3.0 %), keeping the temperature 
and time in range, 88-93% hydrolysis yield was obtained. Keeping in view the processing 
safety, cost effectiveness and inhibition of by products on enzyme action, we have used the 
catalyst at lowest level (1.0%) which decreases the yield from 93.0 to 88.0%. To validate 
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optimum yield, experiments with specified conditions were performed. Jele et al., (2010) [342] 
obtained 74.0% hydrolysis yield from NaOH treated switchgrass. Rice husk yielded less 
amount of reducing sugars as compared to other biomass sources (Table 4.23).  
Table 4.23: Optimized reaction conditions, amount of sugars and hydrolysis yield (rice husk) 
Substrate Catalyst Catalyst       
(% ) 
Time 
(h) 
Temperature 
(oC) 
Amount of sugar 
(gL-1) 
(acid hydrolyzate) 
Amount of 
sugar (gL-1) 
enzymatic step 
Rice Husk H2SO4 1.0 2.17 128.2 30.68+0.35 33.94+0.77 
H3PO4 1.0 1.88 129.2 31.64+1.11 35.96+1.53 
Maleic Acid 1.0 2.41 128.0 
30.48+0.53 34.23+0.94 
HCl 1.0 2.55 128.0 
31.37+0.83 35.06+1.04 
NaOH 1.0 2.26 130.0 N.A 
37.92+0.65 
Na2S 1.0 2.95 128.0 N.A 39.7+1.23 
Na2SO3 1.0 2.78 125.8 N.A 38.58+0.47 
 
4.16 Optimized hydrolysis yield 
           The optimized hydrolysis yield obtained from the selected quadratic models is depicted 
to be well in agreement with the actual hydrolysis yield. The actual enzymatic hydrolysis yield 
of each substrate obtained after pretreatment at optimized conditions with each catalyst was 
presented in figure 38 (a-e). Maximum hydrolysis yield for water hyacinth, obtained from 
different treatments with different catalysts such as sulphuric acid, phosphoric acid, maleic 
acid, hydrochloric acid, sodium hydroxide, sodium hydroxide catalyzed sodium sulfide and 
sodium sulfite are summarized in figure 38a. The hydrolysis yield obtained from sulphuric 
acid, phosphoric acid, maleic acid, hydrochloric acid, sodium hydroxide, sodium hydroxide 
catalyzed sodium sulfide and sodium sulfite pretreated water hyacinth were 75.9, 78.71, 79.93, 
76.98, 81.74, 85.93 and 86.34% respectively.  The optimized hydrolysis yield obtained from 
corncob when pretreated with sulphuric acid, phosphoric acid, maleic acid, hydrochloric acid, 
sodium hydroxide, sodium hydroxide catalyzed sodium sulfide and sodium sulfite at optimized 
levels are 76.01, 78.21, 80.82, 79.03, 85.10, 88.43 and 86.32%, respectively. 
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Figure 38: Optimized hydrolysis yield obtained from optimized pretreatment conditions from different 
substrates (a: water hyacinth; b: corncob; c: bagasse; d: banana stem; e: rice husk) (SA: sulphuric acid; 
PA: phosphoric acid; MA: maleic acid; HA: hydrochloric acid, Na2S: sodium sulfide; Na2SO3: sodium 
sulfite; NaOH: sodium hydroxide) 
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Higher yield is obtained from substrate when pretreatment is done with NaOH due to 
saponification of the ester bonds (4-0-methyl glucuronic acid) present in xylan which swell the 
lignocellulosic material (cellulose), creating space for enzyme function [51]. Optimal 
enzymatic hydrolysis yields from pretreated bagasse are shown in figure 38c.  Sulphuric acid, 
phosphoric acid, maleic acid, hydrochloric acid, sodium hydroxide, sodium hydroxide 
catalyzed sodium sulfide and sodium sulfite catalyzed bagasse credited 74.23, 77.88, 77.09, 
75.89, 84.64, 87.91 and 84.06% yield respectively. Banana stem provided 76.02, 79.23, 78.54, 
74.42, 84.91, 85.23 and 81.20% hydrolysis yield after pretreatment with H2SO4, H3PO4, maleic 
acid, HCl, NaOH, NaOH catalyzed Na2S and Na2SO3. Rice husk (figure 38e) provided 67.88, 
71.92, 68.47, 70.13, 75.85, 79.40 and 77.17% hydrolysis yield after pretreatment with H2SO4, 
H3PO4, Maleic Acid, HCl, NaOH, NaOH catalyzed Na2S and Na2SO3. 
4.17: Fermentation of hydrolyzate for lactic acid and ethanol production 
4.17.1-Lactic acid production from enzymatic hydrolyzate from different substrates 
               Enzymatic hydrolyzate obtained from the most effective pretreatment conditions, 
containing glucose and xylose was used as a fermenting media for lactic acid production. 
Reducing sugar concentration was adjusted at 40.0 gL-1 by diluting and concentrating the 
hydrolyzate. Pure glucose yielded 33.18 - 35.6 gL-1 of lactic acid showing ~96.0% conversion 
yield. Comparison in the amount of lactic acid obtained from the enzymatic hydrolyzate of 
water hyacinth biomass is shown in table 4.24. It ranged from 31.21 - 34.83 gL-1. Maximum 
amount (34.83 gL-1) of lactic acid is obtained from the enzymatic hydrolyzate obtained from 
maleic acid treated biomass, followed by phosphoric acid which credited 34.27 gL-1. 
Productivity of lactic acid from hydrolyzate obtained from maleic acid pretreatment is 0.58 gL-
1.h-1 which is near to pure glucose (0.59 gL-1.h-1). Hydrolyzate obtained from sulphuric acid and 
hydrochloric acid yielded 33.72 and 32.53 gL-1 of lactic acid with 0.91 and 0.87 gg-1 of 
conversion yield with productivity of 0.56 & 0.54 gL-1.h-1. Production of higher amount of 
lactic acid, from hydrolyzate of these two pretreatment conditions is due to the existence of 
maximum glucose or very minute quantity of xylose in hydrolyzate because xylose is not 
fermented by this bacterium. Lesser amount (31.21 gL-1) of lactic acid is obtained from Na2SO3 
treated water hyacinth which is due to the presence of xylose along with glucose. Enzymatic 
hydrolyzate obtained from sodium hydroxide, sodium sulfide and sodium sulfite show 0.49, 
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0.52 & 0.52 gL-1.h-1 of lactic acid productivity. The order of lactic acid yield from water 
hyacinth, on the basis of different catalysts used during pretreatment was maleic acid> 
phosphoric acid> sulphuric acid> hydrochloric acid> sodium sulfide> sodium sulfite> sodium 
hydroxide. The credited conversion yield, productivity and amount of lactic acid experienced 
during lactic acid production are summarized in table 4.24. The amount of lactic acid from 
corncob biomass is in the range of 24.11 - 31.55 gL-1. 
Table 4.24: Amount of lactic acid from different enzymatic hydrolyzate (water hyacinth) 
    Substrate Pretreatment 
γ(Initial Sugar 
Concentration)  γ(Lactic acid)  
η(Lactic 
acid) Productivity  
  Reagent gL-1 gL-1 gg-1 gL-1.h-1 
Water 
Hyacinth 
H2SO4 40.0 33.72+1.31 0.91 0.56 
HCl 40.0 32.53+0.83 0.87 0.54 
H3PO4 40.0 34.27+0.59 0.9 0.57 
Maleic Acid 40.0 34.83+0.52 0.92 0.58 
NaOH 40.0 29.69+01.05 0.90 0.49 
Na2S 40.0 31.73+0.69 0.86 0.52 
Na2SO3 40.0 31.21+0.74 0.86 0.52 
   Glucose No treatment 40.0 35.61+0.86 0.96 0.59 
         ƴ(lactic acid)=lactic acid produced/glucose consumed (g/g) 
   Maximum amount (31.55 gL-1) is obtained from the hydrolyzate acquired from the maleic acid 
treated corncob, followed by phosphoric acid which credited 30.86 gL-1 of lactic acid. Corncob 
credited lower amount of lactic acid as compared to water hyacinth due to presence of higher 
amount of xylose in hydrolyzate. Corncob after treatment with NaOH, Na2S and Na2SO3 
produces 24.86, 26.48 & 24.11 gL-1 of lactic acid. The production of higher amount of lactic 
acid, from acid treated substrate is due to the presence of minute or zero quantity of xylose 
which was removed during acid pretreatment. Ali et al., (2009) [66] obtained 25.62 gL-1 of 
lactic acid from corncob hydrolyzate when fermentation was  done with L. dulbruekii, while 
Shen and Xia (2006) [343] obtained 34.40 gL-1 of lactic acid in 54.0h from corncob residue 
having 60.0 gL-1 of sugar concentration with productivity of 0.669 gL-1.h-1. This difference in 
conversion yield is due to the presence of xylose present in enzymatic hydrolyzate of corncob 
and bagasse which was not fermented by L. acidophilus. The order of lactic acid yield from 
corncob, on the basis of catalytic effectiveness of different catalysts is maleic acid> phosphoric 
acid> sulphuric acid> hydrochloric acid> sodium sulfide> sodium hydroxide> sodium sulfite. 
Sethi and Maini (1999) [344] produced lactic acid from the hydrolyzate  
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Table 4.25: Amount of lactic acid procured from different enzymatic hydrolyzate (corncob) 
Substrate Pretreatment 
γ(Initial Sugar 
Concentration)  γ(Lactic acid)  
η(Lactic 
acid) Productivity  
  Reagent gL-1 gL-1 gg-1 gL-1.h-1 
Corncob 
H2SO4 40.0 30.37+0.53 0.85 0.50 
HCl 40.0 29.86+0.71 0.86 0.49 
H3PO4 40.0 30.86+0.44 0.84 0.51 
Maleic Acid 40.0 31.55+1.06 0.89 0.52 
NaOH 40.0 24.86+0.43 0.84 0.41 
Na2S 40.0 26.48+0.32 0.84 0.44 
Na2SO3 40.0 24.11+0.94 0.77 0.40 
Glucose No treatment 40.0 35.61+0.86 0.96 0.55 
ƴ(lactic acid)=lactic acid produced/glucose consumed (g/g) 
   obtained from woody material. The process adopted was the treatment of biomass with calcium 
bisulfate for the production of hexsoses and pentoses which were fermented into lactic acid by 
using L. pentosus. Enzymatic hydrolyzates of treated banana stem procured from different 
catalysts were fermented with Lactobacillus and the amount of lactic acid, productivity of each 
hydrolyzate and conversion yield is summarized in table 4.26. The amount of lactic acid from 
banana stem hydrolyzate obtained after enzymatic hydrolysis of sulphuric acid and 
hydrochloric acid treatment is 32.70 & 32.95 gL-1 with productivity of 0.54 and 0.55 gL-1.h-1.  
Table: 4.26 Amount of lactic acid from different enzymatic hydrolyzate (banana stem) 
Substrate Pretreatment 
γ(Initial Sugar 
Concentration)  γ(Lactic acid)  
η(Lactic 
acid) Productivity  
  Reagent gL-1 gL-1 gg-1 gL-1.h-1 
Banana-Stem 
H2SO4 40.0 32.70+0.75 0.89 0.54 
HCl 40.0 32.95+0.76 0.88 0.54 
H3PO4 40.0 33.37+0.37 0.91 0.55 
Maleic Acid 40.0 31.96+0.15 0.91 0.53 
NaOH 40.0 25.49+0.68 0.80 0.42 
Na2S 40.0 26.34+0.85 0.84 0.43 
Na2SO3 40.0 27.13+1.02 0.88 0.45 
Glucose No treatment 40.0 37.64+0.40 0.95 0.59 
ƴ(lactic acid)=lactic acid produced/glucose consumed(g/g) 
   The banana stem enzymatic hydrolyzate obtained after NaOH treatment credited lowest yield 
(25.49 gL-1) of lactic acid and highest amount (33.37 gL-1) was obtained from phosphoric acid 
treated biomass. Hydrolyzate obtained after treatment of phosphoric acid and maleic acid 
showed 0.55 & 0.53 gL-1.h-1of lactic acid productivity, along with 0.91 and 0.91 gg-1 
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conversion yields respectively. Sodium sulfide and sodium sulfite treated banana stem 
hydrolyzate experienced 0.84 and 0.88 gg-1 of conversion yield with productivity of 0.43 & 
0.45 gL-1.h-1. Banana stem produced higher amount of lactic acid as compared to corncob. The 
order of lactic acid yield from banana stem, on the basis of different catalysts used during 
pretreatment was phosphoric acid> hydrochloric acid> sulphuric acid> maleic acid>sodium 
sulfite>sodium sulfide>sodium hydroxide. Table 4.27 shows the lactic acid quantity, obtained 
from the enzymatic hydrolyzate of pretreated bagasse biomass. The amount of lactic acid from 
different pretreated bagasse substrate is in the range of 27.59 - 33.66 gL-1. The enzymatic 
hydrolyzate obtained from bagasse after NaOH treatment credits 27.59 gL-1 of lactic acid which 
is lower than other pretreatment conditions. The highest amount of lactic acid (33.66 gL-1) was 
obtained from maleic acid treated biomass, followed by phosphoric acid which produced 33.17 
gL-1. Rojan et al., (2005); Johan et al., (2006 a, b, c; 2007) [219, 229, a, b, c, d] used cassva 
bagasse for saccharification and the resulting sugars were fermented with L. Delbrueckii NCIM 
2025, L, casei.  
 Table 4.27: Amount of lactic acid from different enzymatic hydrolyzate (bagasse) 
Substrate Pretreatment 
γ(Initial Sugar 
Concentration)  
γ(Lactic 
acid)  
η(Lactic 
acid) Productivity  
  Reagent gL-1 gL-1 gg-1 gL-1.h-1 
Bagasse 
H2SO4 40.0 31.17+0.13 0.91 0.51 
HCl 40.0 30.30+1.06 0.83 0.5 
H3PO4 40.0 33.17+0.53 0.92 0.55 
Maleic Acid 40.0 33.66+0.36 0.90 0.56 
NaOH 40.0 27.59+0.85 0.82 0.45 
Na2S 40.0 25.27+0.46 0.73 0.42 
Na2SO3 40.0 25.36+0.52 0.76 0.42 
Glucose No treatment 40.0 35.86+0.86 0.95 0.59 
ƴ(lactic acid)=lactic acid produced/glucose consumed (g/g) 
                  The conversion yield of lactic acid obtained was 0.9-0.97 gg-1 of substrate. Bagasse 
biomass after treatment with NaOH, Na2S and Na2SO3 credited 27.59, 29.36 & 28.27 gL-1 of 
lactic acid with productivity of 0.45, 0.42 & 0.42 gL-1.h-1. Enzymatic hydrolyzate of bagasse 
biomass produced higher amount of lactic acid as compared to corncob. These results showed 
that cellulosic hydrolyzate could be used effectively for the production of lactic acid. The 
productivity of lactic acid from pure glucose is 0.59 gL-1.h-1 while enzymatic hydrolyzate of 
water hyacinth and rice husk shows 0.52 & 0.50 gL-1.h-1 productivity which are greater than the 
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corncob (0.44 gL-1.h-1) and bagasse (0.42 gL-1.h-1) hydrolyzate which may be due to the 
absence of xylose in hydrolyzate. The order of lactic acid yield from bagasse hydrlyzate, on the 
basis of different catalysts used during pretreatment is maleic acid > phosphoric acid > 
sulphuric acid > hydrochloric acid > sodium sulfide > sodium sulfite > sodium hydroxide. 
Soccol et al., 1994 and Rojan et al., 2005 [218, 219] used sugarcane bagasse as carbon source 
for production of lactic acid through fermentation with R. oryzae and Lactobacillus in solid-
state fermentation (SSF). Amount of lactic acid, productivity and conversion yield obtained 
from different enzymatic hydrolyzate of treated rice husk is shown in table 4.28. The quantity 
of lactic acid is ranged from 24.84 - 31.51 gL-1. Enzymatic hydrolyzate acquired from rice husk 
after phosphoric acid treatment credits 31.51 gL-1 of lactic acid with conversion yield of 0.92 
gg-1 of sugar which is higher as compared to other catalytic pretreatments. Hydrochloric acid 
treated rice husk yields 30.19 gL-1 of lactic acid, having productivity of 0.5 gL-1.h-1 which is 
higher as compared to hydrolyzate obtained after sulphuric acid pretreatment. Lowest amount 
of lactic acid (24.86 gL-1) is obtained from sodium hydroxide treated biomass having 
productivity of 0.4 gL-1.h-1.  
Table 4.28: Amount of lactic acid from different enzymatic hydrolyzate (rice husk) 
Substrate Pretreatment 
γ(Initial Sugar 
Concentration)  γ(Lactic acid)  
η(Lactic 
acid) Productivity  
  Reagent gL-1 gL-1 gg-1 gL-1.h-1 
Rice Husk 
H2SO4 40.0 29.35+1.18 0.89 0.49 
HCl 40.0 30.19+1.32 0.91 0.50 
H3PO4 40.0 31.51+0.72 0.92 0.52 
Maleic Acid 40.0 29.46+0.69 0.85 0.49 
NaOH 40.0 24.84+0.34 0.83 0.41 
Na2S 40.0 30.31+0.69 0.83 0.50 
Na2SO3 40.0 30.03+0.47 0.83 0.50 
Glucose No treatment 40.0 35.86+0.40 0.95 0.59 
ƴ(lactic acid)=lactic acid produced/glucose consumed (g/g) 
Rice husk biomass after treatment with Na2S and Na2SO3 credited 30.31 & 30.03 gL-1 of lactic 
acid. The order of lactic acid yield from rice husk biomass, on the basis of different cata lysts 
used during pretreatment is phosphoric acid> sodium sulfide> hydrochloric acid> sodium 
sulfite> maleic acid> sulphuric acid> sodium hydroxide. The higher amount of lactic acid in 
enzymatic hydrolyzate of the sulfide and sulfite treated rice husk is due to the presence of pure 
glucose which was completely fermented with L. acidophilus. Wee et al., (2006) [345] reported 
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lactic acid productivity 2.2 – 1.3 gL-1.h-1 by using the Lactobacillus sp. RKY2 on glucose. DNS 
analysis showed that enzymatic hydrolyzate of water hyacinth and rice husk after lactic acid 
fermentation showed 2.0 – 3.0 gL-1of reducing sugars while corncob and bagasse show 7.64 - 
9.67 gL-1 of sugars (xylose) which is the cause of less productivity of lactic acid as compared to 
the productivity of pure glucose. Venkatesh, (1997); Abe and Takage (1991); Yanez et al., 
(2003 & 2005) [346, 347 & 348a,b] used cellulose as substrate for the production of glucose 
which is used for fermentation with L.Bulgaricus NRRL B-548 and Lactobacillus coryniformis 
ssp. torquens ATCC 25600. This delivered 0.8- 0.89 g of lactic acid per g of cellulose. 
4.17.2-Ethanol production from enzymatic hydrolyzate of biomass substrates 
           Water hyacinth proved to be an acceptable candidate for production of fermentable 
sugars and subsequent production of ethanol through SHF (Abraham and Kurp 1996 and 
Nigam 2002) [51 & 244] or SSF (Mishima et al., 2008) [47]. Hydrolyzate obtained during 
pretreatment process is used for bioethanol production after detoxification by using Pichia 
stipitis while hydrolyzate obtained from enzymatic hydrolysis is used as fermenting media as 
such using Saccharomyces cerevisiae. The amount of ethanol greatly inhibits the growth of 
yeast which limits the yield of ethanol during fermentation. This is due to the disturbance in the 
proton gradient which controls the ATPase activities in plasma membrane and nutrients 
transport cease due to higher amount of ethanol. Preez et al., (1987 & 1989) [349a,b] observed 
that the limit for ethanol production with P. stipitis increased from 33.0 gL-1 at 30°C to 43.0 gL-
1 at 25°C. Hydrolyzate obtained from sulphuric acid catalyzed treatment of water hyacinth 
yielded 14.21 gL-1 of ethanol while hydrochloric acid provided 14.51 gL-1; phosphoric acid 
15.97 gL-1 and maleic acid 16.62 gL-1 of ethanol. Higher amount of ethanol from maleic acid 
hydrolyzate was due to mild degrading nature of acid. The enzymatic hydrolyzate obtained 
from the most effective pretreatment condition, containing glucose and xylose is used as a 
fermenting media for ethanol production. The reducing sugar concentration is adjusted at 40.0 
gL-1 by diluting and concentrating the enzymatic hydrolyzate. Pure glucose yielded 19.19 - 
20.23 gL-1 of ethanol showing ~95.0% theoretical conversion yield. The comparison in the 
amount of ethanol obtained from the enzymatic hydrolyzate of water hyacinth biomass is 
shown in figure 39. It ranged from 17.93 - 19.23 gL-1. Maximum amount (19.23 gL-1) of 
ethanol is obtained from the enzymatic hydrolyzate from phosphoric acid treated water 
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hyacinth. Acid hydrolyzate obtained from sulphuric acid treated water hyacinth produced 14.45 
gL-1 of ethanol which is less as obtained by Ogawa et al., (2008) [293] from sulphuric acid 
hydrolyzate. Acid treated water hyacinth biomass gave higher productivity of ethanol as 
compared to alkali (NaOH; ~90.0%). The production of higher amount of ethanol corresponded 
to acid pretreatment conditions is due to the presence of pure glucose or zero quantity of xylose 
in hydrolyzate because xylose was not fermented by this yeast. The lowest amount (16.72 gL-1) 
of ethanol is obtained from NaOH treated water hyacinth biomass which is due to the presence 
of xylose along with glucose. Saccharomyces cerevisiae fermented only glucose although 
xylose fermenting genes are present in it but their expression was at low level resulting in ten 
time’s low fermentation of xylose as compared to glucose [7b & 350]. Pichia stipitis and 
Candida shehatae showed different behavior for assimilation of xylose and production of 
ethanol in aerobic and anaerobic conditions. In anaerobic conditions, ethanol yield ranged 0.41-
0.47 gg-1 of xylose and in aerobic conditions 0.18-0.22 gg-1[351].  
 
Figure 39: Comparative amount of ethanol from different enzymatic hydrolyzate (water hyacinth) (SA: 
sulphuric acid; PA: phosphoric acid; MA: maleic acid; HA: hydrochloric acid, Na 2S: sodium sulfide; 
Na2SO3: sodium sulfite; NaOH: sodium hydroxide) 
The order of ethanol yield from water hyacinth, on the basis of different catalysts used during 
pretreatment is phosphoric acid > maleic acid > sodium sulfite > sodium sulfide > hydrochloric 
acid > sulphuric acid > sodium hydroxide. Corncob hydrolyzates obtained from acidic and 
enzymatic hydrolyzate are used during ethanol fermentation with Pichia stipitis and 
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Saccharomyces cerevisiae, respectively. Higher amount of ethanol is obtained from maleic acid 
(13.06 gL-1) and phosphoric acid (13.38 gL-1) catalyzed hydrolyzate of corncob while 
hydrolyzate obtained after pretreatment with sulphuric acid and hydrochloric acid yielded 12.64 
and 13.31gL-1 of ethanol when fermentation was done with Pichia stipitis.  Ethanol obtained 
from different enzymatic hydrolyzate of corncob biomass was compared in figure 40 which 
ranged from 14.34 - 17.91 gL-1. Higher amount of ethanol (17.91 gL-1) is acquired from 
phosphoric acid treated biomass after fermentation of enzymatic hydrolyzate. Acid treated 
corncob biomass gave higher conversion yield of ethanol as compared to the alkali (NaOH; 
~90.0%). Production of higher amount of ethanol from enzymatic hydrolyzate obtained from 
acid treated corncob is due the presence of pure glucose or zero quantity of xylose in 
hydrolyzate because xylose is not fermented by Saccharomyces cerevisiae. 
 
Figure 40: Comparative amount of ethanol from different enzymatic hydrolyzate (corncob) (SA: 
sulphuric acid; PA: phosphoric acid; MA: maleic acid; HA: hydrochloric acid, Na 2S: sodium sulfide; 
Na2SO3: sodium sulfite; NaOH: sodium hydroxide) 
            Lowest amount of ethanol (14.37 gL-1) is obtained from NaOH treated corncob which is 
due to the presence of xylose along with glucose. The order of ethanol yield from corncob, on 
the basis of different catalyst used during pretreatment is phosphoric acid > sulphuric acid > 
maleic acid > hydrochloric acid > sodium sulfide > sodium sulfite > sodium hydroxide. After 
detoxification of the acid hydrolyzate of corncob with lime and activated charcoal Ge et al., 
2011 [235] obtained 7.36+0.1 g ethanol with 0.31+0.1 gg-1 productively by using Candida 
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shehatae. Bagasse hydrolyzates obtained during acidic pretreatment were fermented with 
Pichia stipitis having capacity to utilize both types of sugars i.e., xylose & glucose [352] which 
has high potential for ethanol yield [353]. The amount of ethanol obtained from different 
hydrolyzate of bagasse biomass is summarized in graph 41. Maximum amount of ethanol was 
obtained from the phosphoric acid hydrolyzate (15.11 gL-1) and then maleic acid (13.93 gL-1). 
Pichia stipitis credited 14.32 & 14.11 gL-1 of ethanol from bagasse hydrolyzate, obtained from 
the hydrochloric and sulphuric acid catalyzed pretreatment, respectively. Enzymatic 
hydrolyzate obtained after every pretreatment is subjected to fermentation with Saccharomyces 
cerevisiae. Amount of ethanol obtained from enzymatic hydrolyzate is ranged from 16.01 - 
18.88 gL-1. 18.88 gL-1 of ethanol is obtained from maleic acid treated biomass after 
fermentation of enzymatic hydrolyzate which is higher as compared to other acids. Acid treated 
bagasse gave higher conversion yield of ethanol (~95.0%) as compared to the alkali (NaOH; 
~90.0%).  
        
Figure: 41 Comparative amount of ethanol from different enzymatic hydrolyzate (bagasse) (SA: 
sulphuric acid; PA: phosphoric acid; MA: maleic acid; HA: hydrochloric acid, Na 2S: sodium sulfide; 
Na2SO3: sodium sulfite; NaOH: sodium hydroxide) 
Soni et al., (2010) [186] obtained higher amount of ethanol (6.98 µL/ml) from enzymatic 
hydrolyzate obtained from sodium hydroxide (2.0%) treated bagasse as compared to 
hydrolyzate obtained from sulphuric acid (2.0%) treated bagasse which provided 4.28 µL/ml of 
ethanol. It was due to the higher amount of glucose (323.0 mg/g bagasse) present in the 
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enzymatic hydrolyzate of NaOH treated bagasse as compared to sulphuric acid treated bagasse 
(198.0 mg/g bagasse). Production of higher amount of ethanol, corresponded to enzymatic 
hydrolyzate obtained from acid treated biomass is due to the presence of maximum amount of 
glucose. Xylose is not fermented by S. cerevisiae strain, which remained in fermented media 
and has confirmed through thin layered chromatography. Lowest amount of ethanol (16.01 gL-
1) is obtained from Na2SO3 treated bagasse which is due to the presence of xylose along with 
glucose. The order of ethanol yield from corncob, on the basis of different catalyst used during 
pretreatment is maleic acid > sulphuric acid > phosphoric acid > hydrochloric acid > sodium 
hydroxide > sodium sulfide > sodium sulfite > sodium hydroxide.  
Hydrolyzate obtained during pretreatment of banana stem with different acids has been 
used for bioethanol production after detoxification with overliming & activated charcoal. 
Hydrolyzate obtained from sulphuric acid catalyzed pretreatment of banana pseudo stem 
yielded 14.63 gL-1 of ethanol when fermentation is done with Pichia stipitis while hydrochloric 
acid credited 13.71 gL-1; phosphoric acid 13.73 gL-1 and maleic acid 12.89 gL-1 of ethanol. 
Amount of ethanol produced is higher (274.0 kg/ton of stem) than the quantity obtained by 
Filho, (2011) [354] which were 129.5 and 85.6 kg per ton of banana stem after hydrolysis with 
enzyme and acid, having conversion yield of 0.82 and 0.544 gg-1 of sugar, respectively. 
Reducing sugars present in enzymatic hydrolyzate obtained from the most effective 
pretreatment condition are adjusted at 40.0 gL-1 by diluting and concentrating the hydrolyzate 
for fermentation with Saccharomyces cerevisiae. The comparison in amount of ethanol 
obtained from enzymatic hydrolyzate of banana stem is shown in figure 42. It ranges from 
16.97 - 19.36 gL-1. Higher amount (19.36 gL-1) of ethanol is obtained from hydrolyzate 
obtained after maleic acid treated biomass. Acid hydrolyzate obtained from sulphuric acid 
treated banana stem produced 18.56 gL-1 of ethanol. Arredondo et al., (2009) [355] used 
banana stem for hydrolysis through acid and enzymatic process and obtained 96.9 kg of ethanol 
per ton of dry matter of banana stem after enzymatic hydrolysis and 305.4 kg of ethanol after 
acid hydrolysis from banana pulp. Thakur et al., (2013) [356] was obtained highest ethanol 
production yield (0.40 g/g) from banana stem treated with fungus as compared to acid and 
alkali. Hydrolyzate obtained after alkali treatment was provided 3.82 gL-1 of ethanol from 
banana stem [357]. The ethanol productivity of acid catalyzed pretreated biomass is higher as 
compared to alkali (NaOH; ~90.0%) due to the presence of pure glucose or zero quantity of 
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xylose in hydrolyzate because xylose is not fermented by this yeast. The lowest amount (16.57 
gL-1) of ethanol is obtained from Na2SO3 treated banana stem which is due to the presence of 
xylose along with glucose. Pure glucose yields 20.23 gL-1 of ethanol showing ~95.0% 
theoretical conversion yield. The order of ethanol yield from water hyacinth, on the basis of 
different catalyst used during pretreatment is maleic acid > phosphoric acid > hydrochloric acid 
> sulphuric acid > sodium hydroxide > sodium sulfite > sodium sulfide. All these results shows 
that when biomass was treated with different catalysts, different amount of sugars along with 
different amount of monomers are obtained which converted into ethanol with different 
productivities.  
     
Figure: 42 Comparative amount of ethanol from different hydrolyzate (banana stem) (SA: sulphuric 
acid; PA: phosphoric acid; MA: maleic acid; HA: hydrochloric acid, Na2S: sodium sulfide; Na2SO3: 
sodium sulfite; NaOH: sodium hydroxide) 
            Rice husk provided reducing sugars in two steps i.e., pretreatment step and enzymatic 
step. The acidic hydrolyzate were detoxified and used for the production of bioethanol with 
Pichia stipitis. Hydrolyzate obtained from sulphuric acid pretreatment produced 13.65 gL-1of 
ethanol, while hydrochloric acid credited 14.51 gL-1. Higher amount of ethanol is credited from 
hydrolyzate obtained from phosphoric acid (14.14 gL-1) and maleic acid (13.81 gL-1) 
pretreatment. Figure 43 exhibited the amount of ethanol obtained from different hydrolyzate of 
rice husk obtained from acid and enzymatic hydrolysis. Huang et al., (2009) [353] used rice 
straw hydrolyzate after overliming for bioethanol production and obtained 0.37 gg-1 of ethanol 
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productively with Pichia stipitis. It ranges from 16.66 - 18.22 gL-1. Higher amount of ethanol 
(18.88 gL-1) is obtained from sodium sulfide treated biomass after fermentation of enzymatic 
hydrolyzate. Na2S and Na2SO3 treated rice husk just like acids and hydrolyzed the 
hemicellulose and provided maximum glucose in enzymatic hydrolyzate, which gave higher 
productivity of ethanol (~95.0%) as compared to alkali (NaOH; ~90.0%). The lowest amount 
of ethanol (15.19 gL-1) is obtained from NaOH treated rice husk which is due to the presence of 
xylose along with glucose that is not fermented by the yeast. The order of ethanol yield from 
rice husk on the basis of different catalysts, used during pretreatment is sodium sulfide > 
sodium sulfite > maleic acid > phosphoric acid > hydrochloric acid > sulphuric acid > sodium 
hydroxide. So rice husk like other biomass sources proved potential renewable and low cost 
biomass for production of biofuel.   
 
Figure: 43 Comparative amount of ethanol from different hydrolyzate (rice husk) (SA: sulphuric acid; 
PA: phosphoric acid; MA: maleic acid; HA: hydrochloric acid, Na2S: sodium sulfide; Na2SO3: sodium 
sulfite; NaOH: sodium hydroxide; G: glucose) 
 
 
 
10
12
14
16
18
20
22
SA HA PA MA NaOH Na2S Na2SO3 G
E
th
a
n
o
l 
g
L
-1
Catalyst used for pretreatment
Enzymatic
Hydrolyzte
Pretreated
Hydrolyzate
 170 
 
4.18 Conclusion  
Second generation ethanol is the replacement of gasoline fuel and lactic acid an 
intermediately chemical obtained from the lignocellulosic material such as water hyacinth, 
corncob, bagasse, banana pseudo stem and rice husk. Characterization, identification and 
overcoming the barriers of enzymatic hydrolysis of biomass could be achieved through 
economically competitive pretreatment method. Response surfaces methodology (RSM) proved 
as a glaring tool for the optimization of pretreatment method. The effect of different catalysts 
(maleic acid, sulfuric acid, phosphoric acid and hydrochloric acid and alkali such as NaOH, 
NaOH catalyzed Na2S and Na2SO3) and their concentrations during pretreatment steps along 
with time and temperature are determined. Pretreatment factors seemed to be significant as 
indicated by their p-values (<0.05) excluding NaOH concentration and time of pretreatment in 
some experiments. Each substrate has different response against each catalyst providing 
different amount of fermentable sugars ranging from 31.0 – 40.0 gL-1 during pretreatment step. 
Water hyacinth, banana stem and rice husk acid hydrolyzate provided C-6 sugars as major 
constituent while corncob and bagasse showed C-5 sugars as key component during 
pretreatment. Alkali degraded the monomer sugars obtained from the hydrolysis of 
hemicellulose in pretreatment step. Maleic acid and phosphoric acid hydrolyzed the 
hemicellulose effectively with limited amount of furan inhibitors. Inhibitor compounds 
produced during acidic pretreatment were successfully removed through combined action of 
lime and activated charcoal which enhanced the fermentation yield. At optimized pretreatment 
conditions alkali removed lignin content above 90.0% along with <75.0% hydrolysis of 
hemicellulose while acids hydrolyzed hemicellulose completely (<95.0%). The solid pretreated 
material obtained was successfully hydrolyzed into component sugars. Acid treatment yielded 
less hydrolysis yield (70.0-78.0%) while alkali, sulfide and sulfite pretreatment procured 80.0-
89.0% with 1.0% concentration. Alkali treated material provided glucose and xylose, while 
acid treated material credited glucose as major component. The order of catalytic effectiveness 
for hydrolysis yield during pretreatment and enzymatic step, using different acid 
concentrations, time and temperature is found to be phosphoric acid > hydrochloric acid > 
sulfuric acid > maleic acid. Maleic acid can be used as an alternative to mineral acids during 
pretreatment step as well. The order of hydrolytic productivity of different substrates were 
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found to be corncob > bagasse > banana stem > water hyacinth > rice husk. The obtained 
sugars were successfully used as a substrate for the production of lactic acid and ethanol. 
Hydrolyzate obtained from the acid treated substrate credited higher yield of ethanol and lactic 
acid (~95.0%) while alkali gave ~90.0% yield due to presence of more C-5 sugars which are 
not fermented by Lactobacillus and S. cerevisiae.  
4.19Future Prospects & Recommendation 
From this study, new and emerging approach for production of bioethanol and lactic 
acid has been invented, based on agricultural waste streams. These renewable resources are 
now not restricted in academia but are at pilot scale studies. The current scenario of Pakistan 
requires alternate resources for fuel and energy needs, therefore the outputs of current study are 
much important and findings support the use of these renewable resources as a potential source 
for the production of fuel and other chemicals i.e., lactic acid by using optimized protocols. 
 In order to facilitate the high yield of glucose (sugar) from agri-waste and then its 
conversion into different compounds such as ethanol/lactic acid there required high consistency 
in the hydrolysis mechanism which obtained through control of inhibitor such as 
glucose/cellobiose, so there need more complex enzyme system which easily function in the 
presence of these inhibitor or multiple step fermentation process.   
The substrates used in this study have different hemicellulose content which provide 
different amount of the xylose(C-5 sugar) in acid hydrolyzates along with different by products 
i.e., furfural acetic acid, phenolic compounds etc. Before the fermentation, these products must 
be removed to facilitate the fermentation process. Extensive study required to remove these 
products or utilized these during fermentation. 
The most important factor for the economic outcome of a cellulose-to-glucose and then 
ethanol process is the yield of the glucose and ethanol. The agri-waste has both cellulose and 
hemicellulose which provide C-6 & C-5 sugars during their hydrolysis, so there required 
development of yeast which utilized both sugars for maximize the fermentation process.  
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Annexes 
APENDIX-I 
 
Figure 13: Calibration curve for reducing sugar quantification through DNS (glucose stand.) 
 
     Figure 13.1: Calibration curve for ethanol quantification through GC-MS 
 
     Figure 13.2: Calibration curve for ethanol quantification through potassium dichromate  
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      Figure 13.3: Calibration curve for lactic acid quantification through HPLC 
 
 
 
 
 
 
 
 
 
 
       Figure 13.4: Calibration curve for furfural quantification through HPLC  
 
 
        Figure: Typical GC-MS Chromatograph for ethanol 
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Figure: HPLC- Chromatogram of Furfural & 5-Hydroxy furfural 
 
 
 
Figure: HPLC- Chromatogram of lactic acid 
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3.13 Normal plots of residuals obtained from the RMS for biomass  
       
(a)    (b)    (c) 
     
(d)    (e)    (f) 
 
(g) 
Figure 44: Normal plots of residuals for water hyacinth biomass catalyzed from (a) Su lphuric acid (b) 
Hydrochloric acid (c) Phosphoric acid (d) Maleic acid (e) sodium hydroxide (f) Sodium hydroxide catalyzed 
sodium sulfide (g) Sodium hydroxide catalyzed sodium sulfite  
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(a)    (b)   (c) 
 
    (d)     (e)    (f) 
 
    (g) 
Figure 45: Normal plots of residuals for corncob biomass catalyzed from (a) Sulphuric acid (b) hydrochloric acid 
(c) Phosphoric acid (d) Maleic acid  (e) sodium hydroxide (f) Sodium hydroxide catalyzed sodium sulfide (g) 
Sodium hydroxide catalyzed sodium sulfite  
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       (a)                (b)       (c) 
 
    (d)          (e)       (f)  
 
            (g) 
Figure 46: Normal plots of residuals for bagasse biomass catalyzed from (a) Sulphuric acid (b) hydrochloric acid 
(c) Phosphoric acid (d) Maleic acid  (e) sodium hydroxide (f) Sodium hydroxide catalyzed sodium sulfide (g) 
Sodium hydroxide catalyzed sodium sulfite  
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             (a)                (b)           (c) 
 
(d)               (e)             (f) 
 
(g) 
Figure 47: Normal plots of residuals for banana pseudo stem biomass catalyzed from (a) Su lphuric acid (b) 
hydrochloric acid (c) Phosphoric acid (d) Maleic acid (e) sodium hydroxide (f) Sodium hydroxide catalyzed 
sodium sulfide (g) Sodium hydroxide catalyzed sodium sulfite  
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      (a)                                   (b)                                   (c) 
 
(d)                                (e)                               (f) 
    
(g) 
Figure 48: Normal plots of residuals for rice husk biomass  catalyzed from (a) Su lphuric acid (b) 
hydrochloric acid (c) Phosphoric acid (d) Maleic acid  (e) sodium hydroxide (f) Sodium hydroxide 
catalyzed sodium sulfide (g) Sodium hydroxide catalyzed sodium sulfite  
 
 
 
 
